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ABSTRACT
NOVEL REARRANGEMENTS OF OXONIUM YLIDES
and
CHAIN EXTENSION OF p-KETOESTERS
ty
John B. Brogan 
University of New H am pshire, December, 1997
A series of ketal-containing diazocarbonyl substrates was prepared. 
Exposure of these substrates to catalytic Rh(II) and Cu(II) resu lted  in 
in tra m o le c u la r  oxonium  y lide  fo rm a tio n  follow ed by se lec tiv e  
rearrangem ents. The isolated products suggested that bicydic oxonium ylide 
rearrangem ent is controlled by ring stra in  and ketal substituents. Ylides 
|  prepared from larger ring size ketals effidently generated ring fused products
I by 1,2-shift of the ketal carbon. Ylides which were prepared from dioxolanes
: underw en t P-elimination reactions com petitively with 1,2-shift of the ketal
r
&
|  carbon. W hen stabilizing groups were present at dioxolane 4 and 5 positions,
| a 1,2-shift of the exocyclic, stabilized carbon was observed. This novel
; rea rrangem en t was successfully ap p lied  to the synthesis of the 2,8-
dioxabicyclo[3.2.1]octane core of zaragozic acid. A one-pot procedure for the
conversion of P-ketoesters to y-ketoesters w ith zinc carbenoids was identified.
xvm
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CHAPTER I
INTRODUCTION
A. Introduction to Oxonium Ylides
Ylides are versatile synthetic reagents which are characterized by a 
positively charged heteroatom bonded directly to a carbanion. In contrast to
J ^ +  +  - H3C + -
P h ^ P P h3 (CH3)2S-CH2 p-C H 2
h 3c
Phosphonium Sulfonium Oxonium
Ylide Ylide Y lide
Figure 1: Types of Ylides
the well-known sulfur1 and phosphorous ylides,2 (Figure 1) oxygen ylides 
have been less well studied. This lack of attention may be attributed to the 
highly reactive nature of oxygen ylides. While stable ylides of phosphorous 
and sulfur have been observed3 and even isolated,4 oxonium ylides have 
never been detected.5'6 Indirect evidence for their existence comes from the 
isolation of products which may only be formed from oxonium  ylides.7
Traditional methods for the preparation of phosphorus and sulfur 
ylides involve deprotonation of the corresponding onium  salts with a strong 
base such as sodium hydride or butyl lithium. Olah and coworkers8
1
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dem onstrated that while it is possible to produce oxonium ylides via this 
traditional base-prom oted method, the predisposition of oxonium salts to 
donate alkyl groups rather than protons hinders the application of this 
chemistry in synthesis. Olah reported that treatm ent of trimethyl oxonium 
tetrafluoroborate 1 w ith sodium hydride resulted in a strongly exothermic 
reaction which produced methane gas and dimethyl ether by alkylation of 
hydride (Scheme 1). The observation of ethane and ethylene in the volatile
H3C .+  .CH3 NaH
CH3 b f .
CH4 + CH3OCH3 +







Scheme 1: Base Promoted Formation of Oxonium Ylides
reaction mixture was taken as evidence for the interm ediate oxonium ylide 2. 
Olah suggested that alkylation of oxonium ylide 2 by trimethyl-oxonium ion 
resulted in a second oxonium ylide 3. This intermediate decomposed by one 
of two competitive routes; either ethylene gas was produced by a (3- 
elimination reaction, or further reaction with hydride occurred to form 
ethane gas.
Although the preparation of oxonium ylides by deprotonation of 
onium salts is unlikely to find application in synthesis, oxonium ylides
2
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which are prepared by catalytic diazo decomposition are common in 
synthesis.
B. Oxonium  Ylides from Carbene Reactions
The renewed interest in oxonium ylide chemistry has been attributed 
to the introduction of the rhodium  acetate dim er by Teyssie9 in 1973. This 
soluble transition metal catalyst has revolutionized carbenoid chemistry. It 
has resulted in the application of rhodium  carbenoids to the preparation of 
natural products by a diverse array of reactions including insertion 
reactions,10 cydopropanation of olefins,11 cycloaddition,12 and ylide formation 
and rearrangem ent.13 Rhodium carbenoids are considered particularly 
attractive intermediates because of their im pressive chemoselectivity.
The basic types of reactions which have recently been observed w ith 
carbenoids are similar to the reactions which were previously observed w ith  
free carbenes. Free carbenes are often generated from diazo compounds 
under thermal or photochemical conditions and have no stabilizing metal 
ion.14 Reaction mixtures which resulted from the indiscriminate reaction of 
f free carbenes with available substrates w ere often complex, however these
! experiments demonstrated that powerful bond-forming reactions were
|  possible if control of carbene reactivity could be achieved. The information
[
gathered from these initial experiments w ith carbenes concerning the 
existence of exotic spedes such as oxonium ylides has fadlitated the 
developm ent of m odem  synthetic methodology.
The first reaction product attributed to the rearrangement of an 
oxonium  ylide appeared in the literature in 1942 from the laboratory of 
M eerw ein.15 When diazomethane was photolyzed in diethyl ether, both n- 
propyl and isopropyl ethyl ethers were formed (Scheme 2). Although
3
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Scheme 2: M eerwein’s Photolysis Experiment
Meerwein did not suggest that these products resulted from oxonium ylide
in te rm ed ia te  (Scheme 3), his initial observation w ould inspire the first
debate over oxonium ylides.
In 1955 Huisgen16 suggested that the products observed by Meerwein 
m ight best be explained through the intermediacy of oxonium ylide 7 
(Scheme 3). Although C-H insertion reactions were also considered, ylide 
formation followed by a 1,2-shift was thought to be responsible for the 
observed reaction products .
Etx+ -
0 - c h 2
Et
1,2-shift Et>
Scheme 3: Huisgen's Proposed Oxonium Ylide
This suggestion was quickly refuted by Franzen and  Fikentscher17 who 
reported the results of isotopic labeling studies in which 14C labeled 
diazomethane was photolyzed in  the presence of ether (Scheme 4). The 
authors suggested that a mechanism involving the 1,2-shift of the oxonium 
ylide 8 would be expected to form internally labeled product 9. The isolation 
of only the end labeled products 10 and 11 was interpreted as proof that only 
C-H insertion chemistry was productive in Meerwein's reaction.
4
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10 11
Scheme 4: Labeling Study of Franzen and Fikentscher
This conclusion received support from Doering's18 study of photo­
chemical diazomethane decomposition in tetrahydrofuran. The absence of 














Scheme 5: Doering's Photolysis Experiment
occurrence of ylide intermediate 13 (Scheme 5). Both of the methylated 
products 15 and 16 were thought to have been formed by C-H insertion 
reactions.
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In 1960 Frey and Voisey19 performed experiments w ith gas phase 
photolysis of diazomethane in the presence of tetrahydrofuran. In contrast to 
the results of Doering, tetrahydropyran 14 comprised 10% of the isolated 
products. While it was not possible to distinguish between a direct 
C-O insertion reaction and the intermediacy of oxonium ylide 13, the 
identification of a significant quantity of the pyran product clearly illustrated 
that carbene reactions w ith ethers were not lim ited to C-H insertion.
The first suggestion of an oxonium ylide came in 1954 when Gutsche20 
reported the ring expansion of 2-phenyl dioxolane by its thermal reaction 









Scheme 6: Ring Expansion of 2-Phenyl Dioxolane
were thought to have been formed by the 1,2-shift of oxonium ylide 18. 
Although the cis/trans stereochemical preference of this reaction was not 
reported, a recent reinvestigation of Gutsche's initial report by Bouchard21 
suggested a preference for the trans isomer.
The 1953 study published by Johnson, Langeman, and Murray22 on the 
reaction of benzodioxolane 20 (Scheme 7) m ade no m ention of oxonium 
ylides even though, in retrospect, oxonium ylide 22 is likely to have been 
responsible for the 1,4-dioxane product 23. Johnson suggested formation of 23 
was the result of homolytic C-O bond cleavage which was induced by a triplet




20 21 • k C 02Et 23
22
Not Suggested
Scheme 7: 1,2-Shift M echanism Proposed by Johnson
carbene to give the diradical 21. Intramolecular radical coupling of 21 in a 
second step was proposed for the generation of the isolated product. In 
hindsight, the ylide 22 is a likely interm ediate for this reaction since similar 
diradical intermediates were later proposed for the 1,2-shifts of oxonium 
ylides.23
A photochemical variation of the epoxide deoxygenation reaction24 
appeared in 1987. The carbene generated from photo-chemical decom position 
of diazoarene 24 has a triplet ground state and would not be expected to form 
oxonium ylides efficiently.25 However, w hen the carbene was generated in 
the presence of cfs-l,2-dimethyloxirane 25, the corresponding cfs-alkene 26
The authors suggested that the low singlet-triplet energy gap (~ 2 kcal/m ol) 
for the fluorenyl carbene resulted in a significant singlet population in
was isolated in 60% yield (Scheme 8). N one of the trans-isomer was observed.
7
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equilibrium with the triplet ground state. The form ation of oxonium ylides 





Scheme 8: Photochemical Oxygen Transfer
carbene with the epoxide. Diphenyl methylide, which was prepared from 
diphenyl diazom ethane and also has a triplet ground state, did not participate 
in oxygen transfer reactions. This result was explained by the larger singlet- 
triplet gap of this carbene which resulted in an insignificant singlet
\ population.
The studies perform ed by Nozaki and Noyori26 in the late 1960's greatly 
I contributed to the grow ing field of oxnium ylide chemistry. During their
initial work on oxygen transfer reactions with carbenes prepared from ethyl 
diazoacetate (EDA), a small amount of oxetane 31 was isolated along with the
>
anticipated styrene product 30 (Scheme 9). The oxetane product was thought 
|  to result from the formation of oxonium ylide 29, followed by a regioselective
t
1,2-shift of the stabilized benzyl carbon. The absence of the regioisomeric 
oxetane 32, was advanced as evidence in support of the ylide intermediate. If 
the observed oxetane 31 resulted from direct C-O insertion, some of 32 would 
be expected to form.
8















Scheme 9: Reaction of Styrene Oxide With Carbenes
In 196627 Nozaki published a detailed description of the reaction of
2-phenyl oxetane 33 with carbenes derived from ethyl diazoacetate (EDA) 




Et02C%,' ^ 0  Et02C * ^ 0
33 34 35
Conditions Time % Yield 34+35
130-135 °C 5h 72%
5 °C(hv) 50h 35%
Scheme 10: Ring Expansion of Phenyl Oxetane
was suggested by the formation of isomeric tetrahydrofurans 34 and 35. 
Superior yields of 34 and 35 were obtained when diazoacetate decomposition
9
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was carried out under thermal conditions, while product formation was quite 
inefficient under photochemical conditions.
In spite of the numerous suggestions of oxonium ylide intermediacy in 
the formation of apparent 1 ,2 -shift products, it has also been asserted that it is 
not possible to distinguish between such a mechanism and direct insertion of 
a carbene into C-O bonds .28 Substantial experimental evidence was reported 
in 1972 by Ando and coworkers who studied the reaction of carbenes with 
allylic ethers (Scheme 11). In addition to the cyclopropane 38, the isolation of
cyclopropanation
36










Mc0 2C C 02Me
39
Scheme 11: Reaction of Allyl Ethers with Carbenes
Mc0 2Cv^ C 0 2Me
Figure 2: Oxonium Ylide Studied by Ando
the "insertion" product 39, implicated the intermediacy of ylide 40 (Figure 2 ). 
The conclusion that 39 was formed by a 2,3-sigmatropic shift was supported by 
the subsequent study of substituted allylic ethers .29 The reaction of the allyl
10
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methyl ether 41 w ith carbenes greatly clarified the mechanistic details of this 
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42
15.2'
Scheme 12: Competitive Rearrangements of Allylic Oxonium Ylides
oxonium ylide formation and cyclopropanation. The ylide 43 rearranged by 
either a 2,3-sigmatropic shift to yield compound 44 or by a 1,2-shift to give 
product 45. The formation of com pound 45 is especially relevant to this study 
since it illustrates the ability of the allyl group to facilitate 1 ,2 -shifts of 
oxonium ylides.
The photochemistry of Kirmse and coworkers30 dem onstrated many of 
the reactive pathw ays available to oxonium ylides (Scheme 13). For
11
R ep ro d u ced  with p erm iss io n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
D °


























Scheme 13: Kirmse's Photochemical Experiments
example, when diazom ethane was decomposed in neat oxetane 46, the 
complex reaction m ixture which resulted contained C-H insertion products 47 
and 48 and nearly a 50% yield of oxonium ylide derived products. This study 
illustrated the range of reactive pathways available to the free oxonium 
ylides, including P-elimination to give allyl ether 36, and 1,2-shift to give 
tetrahydrofuran 12. W hen the photochemistry was carried out in the 
presence of methanol, competitive protonation of the ylide 49 resulted in 
oxonium ion 50 which underw ent substitution by m ethanol and yielded 1,3- 
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Scheme 14: Protonation of Ylides Results in Oxonium Ions
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BCirmse addressed the stereochemical preference for the 1,2-shift of 
oxonium ylides prepared from oxetanes .31 Optically enriched 3-methyl 
tetrahydrofuran 53 was isolated from the complex methylenation reaction of 
enantiomerically pure 2-methyl oxetane 52 (Scheme 15). The observation of 
partial retention of configuration at the m igrating carbon which resulted in 2 - 
methyl tetrahydrofuran 53 with an enantiomeric excess of 14% was thought
,.c h 3
/  y  + products of C-H insertion. Elimination 






Scheme 15: Partial Retention of Configuration Observed with 1,2-Shifts
to represent a general trend for 1,2-shifts. BCirmse proposed that this 
rearrangement proceeded by the radical dissociation/recombination 
mechanism which had been previously advanced for the 1 ,2 -shifts of 
nitrogen32 and sulfur33 ylides.
Kirmse34 reported studies of substrate influences on the regioselectivity 
of 1,2-shifts (Scheme 16). The decomposition of tosyl-hydrazone salt 54 




Scheme 16: Intramolecular Reaction of Benzyl Ethers with Carbenes
13
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intramolecular reaction with the benzyl ether. U nder both therm al and 
photochemical conditions, the oxonium  ylide underw ent preferential 
m igration of the benzyl carbon to give benzofuran 55 and m inor amounts of 
C-H insertion product 56. The regioselective rearrangem ent of the ylide 
offered support for the conclusions of Ando w ho had previously noted that 
stabilization of the migrating group assisted 1,2-shifts (Scheme 11).
When the methyl ether analog 57 (Scheme 17) was exposed to identical 
conditions, none of the methyl migration product 58 was observed, only C-H 






O 1,2-Shift not observed
58
G n OXH 3
59
Scheme 17: Intramolecular Reaction of Methyl Ethers with Carbenes
I have occurred with the proximate methyl ether, however the poorly-
*■I
ij stabilized methyl group m ust have been incapable of a 1,2-shift. In the
j" absence of a favorable 1 ,2 -shift pathway, only insertion into the benzylic C-H
I bond was observed.
' Before concluding this discussion of the reactions of carbenes and
m oving into the so-called modern era of carbenoid chemistry, it is im portant 
to emphasize that surprisingly few of the recently described carbenoid 
reactions of oxonium ylides are new. Metal associated carbenoids simply offer
14





improved selectivity. The early work on carbenes was definitive and the 
factors which govern oxonium ylide rearrangement were well described by 
the thermal and photochemical studies of Nozaki, Kirmse, and  others. The 
chemistry of oxonium  ylides is dominated by 1 ,2 -shifts w hen stabilization of 
the migrating carbon is present. With pendant allylic functionality, the 
symmetry-allowed 2,3-sigmatropic rearrangement efficiently provides for 
excellent diastereocontrol. In the absence of 1,2- or 2,3-shift pathways, p- 
elimination m ay occur if P-protons are present, or protonation reactions may 
take place in protic solvent. In the absence of any low energy reaction 
pathway, reversible ylide formation may occur resulting in a m yriad of non- 
ylide related product forming reactions such as C-H insertion or 
cyclopropanation.
C  Catalytic M ethods for Oxonium  Ylide Reactions
The application of carbenoids to synthesis has experienced a 
renaissance is recent years. Since Nozaki's soluble copper catalysts35 emerged 
in 1968 and Teyssie36 introduced the rhodium acetate dim er for carbenoid 
generation in 1973, an ever increasing collection of studies have 
dem onstrated that carbenoids are capable of selective transformations 
including cyclopropanation of olefins, 37 X-H insertion reactions , 38 carbonyl 
ylide formation and dipolar addition , 7 and ylide formation and 
rearrangem ent .39 In contrast to the generally indiscriminate reactivity 
\ displayed by carbenes generated via thermal or photochemical decomposition
of diazo com pounds, metallo-carbenoids offer impressive selectivity. 
Competitive side reactions are often suppressed through catalyst choice and 
careful control of reaction conditions. The development of electron deficient 
transition metal catalysts for carbenoid generation has m ade possible the
15
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study of exotic intermediates such as oxonium ylides. While the study of free 
carbenes revealed the possible reaction pathways available for these ylides, the 
recent development of oxonium ylide selective reaction conditions has 
created the possibility of their efficient application to synthesis. It is the 
intention of this review to illustrate the catalytic m ethods available for 
selective oxonium ylide formation and the factors which control their 
rearrangem ent.
A wide variety of carbenoid reactions have been shown to occur in the 
presence of oxygen functionality. While catalyst choice has been reported to 
influence the efficiency of oxonium ylide formation, the substrate structure 
clearly influences their rearrangement. Other factors such as ring strain 
elements or proximity to allylic functionality have been shown to bias the 
1 reactivity of some systems. In general, oxonium ylides are capable of four
|  general types of reaction including oxygen transfer, 1,2-shift, (3-elimination,
I protonation and 2,3-sigmatropic rearrangement.1. Oxygen Transfer Reactions 
, The most simple reaction for an oxonium ylide is the transfer of
| oxygen. When an epoxide reacts with a carbene, oxygen transfer occurs
I forming an olefin and a new carbonyl group. The deoxygenation of stryene
oxide was suggested by Wittig and Schlosser in 1962,40 however the reaction 
was first observed by Nozaki41 who photolyzed ethyl diazoacetate (EDA) in 
the presence of styrene oxide (Scheme 18). It is unclear whether oxonium 
ylides were involved in the early photochemical studies, however, ylides 
were suggested in the studies of Martin and Ganem42 who
16
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60 62 63
Scheme 18: Oxygen Transfer Reaction of Styrene Oxide
developed the oxygen transfer reaction into a useful methodology with 
rhodium  carbenoids (Scheme 19). For example, when czs-l,2-dimethyloxirane 
25 was exposed to the rhodium  carbenoid generated from dimethyl 
diazomalonate 37, ci's-2-butene 26 was recovered in an 80% yield. The authors 
noted that the lack of olefin isomerization or cyclopropanation m ade this 
reaction particularly attractive for synthetic application as an olefin protecting 
group.
,0  V V Rh2(OAc)4 /





Scheme 19: Oxygen Transfer with Rhodium Carbenoids
Zwanenburg43  prepared a substrate capable of intramolecular oxygen 
transfer. When the substrate 65 was treated with either copper powder or
17
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66 67 68
Scheme 20: Intramolecular Oxygen Transfer Reaction
copper sulfate in refluxing methanol, the form ation of ketal 69 was thought 
to occur through oxonium ylide 6 6  (Scheme 20). The mechanism presented 
to account for this reaction included stepwise oxygen transfer of ylide 6 6  to 
provide 1,2-dicarbonyl compound 6 8 . This com pound was rapidly converted 
to 69 under the reaction conditions.
2 . 1,2-Shift
One of the most common reactions of oxonium  ylides is the 1,2-shift. 
The rearrangem ent formally proceeds by formation of a new carbon-carbon 
bond with accompanying fragmentation of a carbon-oxygen bond. In the 
scheme below, a simplified mechanism illustrates the bond reorganization. 
The term "migrating group" describes the substituent which participates in 
the rearrangem ent. In the scheme below, the benzyl group is said to be the 
migrating group (Scheme 21).
18
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Scheme 21: General 1,2-Shift of an Oxonium Ylide
The 1,2-shift generally requires stabilization of the m igrating group by 
a-substitution with an oxygen, vinyl, or phenyl group. It has been suggested 
that this substitution stabilizes the cationic or radical character which 
develops in the course of the rearrangement. Simple alkyl substitution does 
not seem provide sufficient stabilization, however a notew orthy exception 
was reported by Kirmse w ith the reaction of methyl oxetane (Scheme 15). In 
general, considerable substrate control over the regioselectivity of 1 ,2 -shifts 
has been demonstrated.
West and coworkers44 studied regioselective 1,2-shifts of benzyl ethers 
(Scheme 2 2 ). When diazo substrate 72 was exposed to rhodium  acetate,
Rh2(OAc)4
72 73
Scheme 2 2 : Regioselective 1,2-Shifts
efficient formation of a five-membered cyclic oxonium ylide was followed by 
a selective 1 ,2 -shift with migration of the stabilized benzylic carbon.
Furanone 73 was the only product isolated.
19
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This 1,2-shift chemistry was utilized by West for the preparation of CD- 





75 76 77 78
15:1 Diastereoselectivity
Scheme 23: O-Bridged Medium Rings From Oxonium Ylides
ylide 76, which formed upon decomposition of the diazo com pound 75 w ith 
the rhodium  acetate dimer, selectively experienced a 1 ,2 -shift of the benzylic 
carbon w ith excellent diastereocontrol. The lack of competitive C-H insertion 
products in this case suggested that formation of four- or six-membered rings 
by C-H insertion was less favorable than five-membered ring ylide formation 
and rearrangement.
W hen oxonium ylides are capable of several favorable processes, 
competitive chemistry results. A particularly illustrative result w as obtained 
by Doyle and coworkers39 when 2-vinyl dioxolane was treated w ith a 
rhodium  carbenoid prepared from ethyl diazoacetate (EDA) (Scheme 24).
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The major product 80 was formed by a 2,3-sigmatropic rearrangement of an 
ylide in a 6 8 % yield. The minor p-dioxane product 81 was also formed from 
the intermediate ylide in 18% yield by a 1 ,2 -shift with migration of the 
stabilized ketal carbon. Although the 2,3-shift was more favorable, the 
combined stabilization provided by the allyl- and the oxygen- substitution for 
the migrating ketal carbon resulted in significant competition from a 1 ,2 -shift 
pathway. This competition was recently confirmed by a very similar study 
reported by Sezer and coworkers.46
The suggestion of mechanisms for the 1,2-shift of oxonium ylides are 
common and imaginative, and many contain the disclaimer that little 
compelling experimental evidence is available. Since a concerted 1,2-shift is a 
symmetry forbidden process according to the W oodward-Hoffman rules ,47 the 
observation of both diastereoselective and enantioselective 1 ,2 -shifts31
suggests a very short lifetime for any intermediate involved in a stepwise 
fragmentation-recombination mechanism. Doyle proposed a two-step 
mechanism for 1 ,2 -shifts which involved heterolytic fragmentation of the 
ylide followed by rapid recombination (Scheme 25).39 The initially formed 







Scheme 25: Doyle’s Proposed 1,2-Shift Mechanism
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fragmentation, which was followed by nucleophilic attack and bond 
formation. Doyle noted that it was not possible to distinguish between this 
heterolytic (polar) mechanism and the homolytic (radical) mechanism which 
was originally advanced by Johnson, Langeman, and Murray (Scheme 7) . 48
The suggestion of diradical intermediates in 1,2-shift reactions was 
supported by the CIDNP experiments of Imashi (Scheme 26).49 Chemically 
induced dynam ic nuclear polarization (CIDNP) is an NMR experiment which 
provides enhanced signal for centers with transient radical character. W hen
EDA












Scheme 26: Thermolysis Experiments of Imashi
ethyl diazoacetate (EDA) was thermally decomposed in the presence of 
dibenzyl ether 91 in a sealed NMR tube, the observation of enhanced signals 
in the NMR spectrum  suggested that the diradical 92 was an intermediate 
in a process responsible for product formation.
In addition to the various mechanisms which explain the formation of
1 ,2 -shift products, other non-carbenoid mechanisms have been advanced.
OCH3
h 3c —|~ o c h 3 












Scheme 27: Lewis Acid versus Carbenoid Mechanisms
??
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The formation of insertion product 90 from the reaction of trimethyl 
orthoformate, ethyl diazoacetate (EDA), and catalyst was not thought to 
proceed through an oxonium ylide, even when rhodium  and copper catalysts 
were employed (Scheme 27). Doyle cited the observations that lack of 
sensitivity to catalyst load or rate of diazoacetate addition was uncharacteristic 
of intermolecular carbenoid transformations such as cyclopropanation 
reactions.50 Doyle suggested that the transition metal acted as a Lewis acid in 
promoting the ionization of the orthoester 89. The dialkoxycarbenium  ion 
91 was then alkylated by the ethyl diazoacetate. Loss of nitrogen gas from 
intermediate 92 was followed by trapping of the oxocarbenium ion 93 by 
methanol to generate the observed product (Scheme 28). Although a similar 
Lewis acid catalyzed process was reported by Schonberg, 51 oxonium ylides are 
likely to have participated in the C-O insertion reaction observed by Doyle.
0 0 * 3  EDA HjCO OCH3
H 3C + O C H 3  - =  h 3C—I—OCH3 ~
OCH, + 3 *3 ' +n.
89 91 92
2
-N2 gas HjC?  CH3OH H3CO OCH3
------------ -  H3c  + Y 'C°2Et --------------- H3C ^ j ^ CC,2Et
OCH3 OCH3
93 90
Scheme 28: Doyle's Proposed Mechanism for Orthoester C-O Insertion
Roskamp and Johnson reported a series of intram olecular diazo 
substrates which further illustrated substrate influences on oxonium ylide 
rearrangem ent .52 When diazo ketal 94 was treated w ith the rhodium  acetate
23
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dimer, p-dioxane product 95 formed in competition with the P-elimination 
product 96 (Scheme 29). The stabilization provided by the oxygen substitution 
was thought to have facilitated this 1 ,2 -shift.






Scheme 29: Intramolecular Formation of Oxonium Ylides with Ketals
Exposure of the allylic ether containing diazo substrate 97 (Scheme 30) 
to rhodium acetate resulted in formation of an ylide 98 which experienced a 
2,3-shift to yield compound 100. However, a 1,2-shift with migration of the 
allylic carbon providing 99 was the dom inant process.
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100
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Scheme 30: Allylic Stabilization of a 1,2-Shift
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The ylide formed from the benzylic methyl ether 101 (Scheme 31) also 
provided 1,2-shift products 103 and 104 exclusively. The observed retention 
of configuration at the migrating carbon was proposed as evidence for a 
mechanism involving a 3-center transition state. Opposite diastereo-



















Scheme 31: Diastereoselective 1,2-Shifts of Oxonium Ylides
selectivity was observed for rhodium  and copper catalysts. This was 
interpreted as evidence of an intimate association between the metal ion and 
ylide in the product determining step. If the metal was released and the free 
ylide 1 0 2  formed as a distinct intermediate, one would expect the two catalysts 
to exhibit comparable diastereoselectivity. Although the association of the 
metal ion with the penultimate ylide species complicates the application of 
the W oodward-Hoffman rules to 1,2-shifts, the observation that these 
rearrangements occurred with retention of configuration indicates that a non­
concerted mechanism must include a very short-lived diradical or 
zwitterionic intermediate.
25
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3. (3-Elimination
In the absence of other favorable reaction pathways, (3-elimination m ay 
become a major process for oxonium ylides (Scheme 32). This reaction 
involves the formal transfer of a (3-proton to the carbenoid anion combined 
w ith sim ultaneous fragmentation of a carbon-oxygen bond. While in some
105 106
Scheme 32: A General Example of a P-Elimination Reaction
cases it has been suggested that [3-elimination proceeds in an intramolecular 
fashion, the P-elimination reaction also m ay be facilitated by the presence of 
adventitious w ater or other weak bases.53 Iwam ura performed CIDNP 
experiments on a p-elimination reaction and concluded that radical 
interm ediates were not involved .54 The diazo substrate 107 studied by 
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Scheme 33: P-Elimination of a Cyclic Oxonium Ylide
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catalyzed decomposition (Scheme 33). When the poor stabilization provided 
by the alkyl substituents was considered in combination w ith the abundance 
of (3-protons found in this substrate, the absence of 1,2-shift products was not 
surprising.
W enkert55 reported P-elimination side products in a study of 
cyclopropanation of enol esters (Scheme 34). When diazoketone 110 was 
treated with a copper catalyst in the presence of an enol acetate, p-elimination 
of oxonium ylide 1 1 2  occurred with greater efficiency than intermolecular
H3CO OCHj
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Scheme 34: Competitive Cyclopropanation and p-Elimination
cyclopropanation. In the absence of added olefin, com pound 113 was the only 
product that formed. Although p-elimination of any oxonium ylide which 
possesses P-protons is possible, p-elimination appears to be a less favorable 
process than either 1,2- or 2,3- shifts. It is generally only observed in the 
absence of the more favorable pathways or when the 1,2- and 2,3-shifts are 
inhibited by ring strain.
27
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4. Protonation
It has been reported that oxonium ylides m ay be protonated by weak 
adds to give oxonium ions. The resulting oxonium ions are known to be 
good alkylating agents and subsequent reaction w ith even weak nudeophiles 
is generally rapid. Oku and coworkers developed a reaction in which catalytic 
decomposition of an intramolecular diazo substrate was performed in the 
presence of a proton source like acetic acid. Oxonium ylides such as 116, in 
which 1 ,2 -shifts were unfavorable, underw ent efficient protonation followed 
by further reaction of the resultant oxonium ion 117 (Scheme 35).












Scheme 35: Protonation of Furan Derived Oxonium Ylides
The tetrahydrofuranyl compound 114 formed the oxonium ylide 116 
upon exposure to rhodium  acetate. W ithout a stabilized migrating group, the 
ylide possessed no favorable pathway for rearrangem ent and was effidently 
protonated by acetic acid. The resulting oxonium ion 117 was trapped by 
acetate ion with fragmentation of the bridging carbon-oxygen bond. This 
method was extended to larger ring sizes and it was found that by increasing
28
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the ether ring size of the starting diazo substrate, (n = 2, 3, and 4), cyclic ethers 
with 9,10 and 11 membered rings were prepared in yields of 70% or better. In 
the presence of weaker acids such as phenol, trifluoroethanol, and methanol, 
diminished yields of the "ring enlarged" product 118 was isolated and 
competitive P-elimination was observed. Increasing the length of the tether 
(Scheme 36) resulted in the formation of "ring switched" product 1 1 2  which 
occurred by protonation of the ylide 1 2 0  followed by preferential nucleophilic 
fragmentation of the other possible carbon-oxygen bond (path a). The authors







Scheme 36: Competitive Oxonium Ion Bond Fragmentation
suggested that in the first example, (Scheme 35) release of ring strain was 
responsible for the selective fragmentation of the bridging C-O bond (path b) 
while with the second example, (Scheme 36) selective fragmentation at the 
least hindered carbon (path a) resulted.
Products resulting from the protonation of oxonium ylides56 were also 
described for the diazo ketone 94 originally reported by Roskamp and Johnson 
(Scheme 29). Oku proposed that ring-enlargement might become the major 
pathway if the 1,2-shift could be interrupted by protonation of the ylide. This 
prediction was accurate, when ketal 94 was exposed to rhodium acetate in the 
presence of acetic acid, none of the ring fused product 95 was formed. Only
29
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the ring enlarged eight-membered ring heterocycles 125 and 96 were observed 
(Scheme 37). Elongation of the diazo tether and exposure to catalyst was














Scheme 37: Protonation of Roskamp and Johnson's Bicydic Ylide
expected to result in a larger bicyclic ylide 127 (Scheme 38). Although the 
major product isolated upon exposure of 126 to Rh2 (OAc) 4  was the result of 
O-H insertion into the solvent, 1,2-shift of the bicyclic ylide 127 provided the 
dioxadecalin ring system 128. The absence of (3-elimination or ring- 
enlargem ent products in this case suggests that once formed, the ylide 127 
readily underw ent a 1 ,2 -shift.
30





Scheme 38: Ring Size Influence of Protonation Reactions
The chemistry reported by Oku suggests a new and useful method for 
diverting the reactivity of oxonium ylides. Furthermore, the examples clearly 
illustrate the dependence of product formation on the ylide ring size. The 
ylides which contained larger ring sizes were not efficiently protonated which 





I 5. 2,3-Sigmatropic Rearrangement
The symmetry-allowed 2,3-sigmatropic rearrangem ent proceeds 
through a five-center, pericyclic transition state (Scheme 39) which can be 
described by the Woodward-Hoffman rules .57 Catalytic decomposition of
r
130 131 132
Scheme 39: General 2,3-Sigmatropic Rearrangem ent
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diazo compounds in the presence of allylic sulfides58, ethers59, selenides60, 
am ines39 and halides39 have been shown to form ylides from which 2,3- 





H3C C° 2Et + h 3c  






Scheme 40: Diastereoselective 2,3-Sigmatropic Rearrangement
excellent ylide chemoselectivity for the reaction of allyl methyl ether 41 w ith 
carbenoids prepared with rhodium acetate and ethyldiazoacetate (EDA) 
(Scheme 40). The observed diastereoselectivity was attributed to differences 
in steric requirements for the diastereotopic pericyclic transition states of the 
concerted 2,3-sigmatropic rearrangement.
The reaction of the dimethyl acetal of acrolien62 with a rhodium 
carbenoid resulted in competition between cyclopropanation of the olefin and 
formation of an oxonium ylide.
Rh2(OAc)4
75%




Scheme 41: Ylide Formation Versus Cyclopropanation
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The ylide form ed by attack of the acetal oxygens on the rhodium  carbenoid 
resulted in 2,3-sigmatropic rearrangement to provide the enol-ether product 
137 (Scheme 41). The competitive cyclopropanation reaction produced 
com pound 138. Doyle claimed that formation of ylide derived products from 
this acetal was accelerated by the heteroatom substitution at the allylic carbon.
A remarkable catalyst influence on the efficiency of ylide 
rearrangem ents was observed by Clark63 and coworkers with their work on 
intramolecular generation of five- and six-membered cyclic oxonium ylides 
(Scheme 42). A lthough formation of five-membered ring oxonium ylides is 
thought to be a facile process, formation of the six-membered ring 
counterparts has been more challenging. A C-H insertion reaction to form a 
five-membered ring often competes with ylide formation. The diazo
Ylide
Formation ^• 2 C-H insertion
139 140 141
Catalvst Solvent Temperature % vield 140 % vield 141
RtyOAc^ CH2q , RT 37 22
Rh2(OAc)4 CH2a 2 reflux 41 18
Rh2(OAc)4 THF reflux 58 12
Cufacac^ c h 2o 2 reflux 61 12
Cuftfacac^ CH2a 2 reflux 78 0
Cufhfacac^ c h 2q 2 reflux 83 0
Scheme 42: Six-Membered Ring Ylide Formation versus C-H Insertion
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substrate 140 provided a vehicle for the study of these competitive processes. 
The incorporation of an allylic ether into the diazo substrate m ade the 2,3- 
sigm atropic shift available for an intermediate oxonium ylide. A variety of 
catalysts w ere screened for the decomposition of this substrate and  the 
electron deficient copper (II) bishexafluoroacetyl acetonate (Cu(hfacac)2 ) 
catalyst w as found far superior to rhodium  acetate in providing the ylide 
derived six-membered ring 139 in 83 % yield .64 When the diazo tether was 
extended by an additional methylene spacer, the ether product 142 (Scheme 













Scheme 43: Seven Membered-Ring Ylide Formation vs. C-H Insertion
Clark proposed that increased electron demand at the m etal center 
generated a more electrophilic carbenoid and enhanced ylide selectivity. The 
upper limit for intramolecular ylide generation appeared to be form ation of 
an eight-membered ring ylide formation because yield of the ylide derived
34
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product was only a modest 42%. Recent reports from Doyle, 65 however, 
suggest 12- and even 13-membered ring oxonium ylide formation is possible 
under certain conditions. While the intimate factors which contribute to this 
catalyst effect are unclear, the influence of the metal ion and its surrounding 
ligands on the observed reactivity is substantial and m ust be considered 
during synthetic application of ylide mediated processes.
oxonium ylide formation/2,3-sigmatropic rearrangem ent methodology for 
the preparation of natural products which contain cyclic ethers. Treatment of 
the diazo ketone 145 with rhodium acetate resulted in formation the bicyclic 
ether 147 in 81% yield (Scheme 44). The reaction was thought to proceed by
Scheme 44: Pirrung's 2,3-Sigmatropic Rearrangement Model Substrate
attack of the furanyl oxygen on the initially formed rhodium  carbenoid 
followed by a concerted 2,3-sigmatropic shift.
Another report from Pirrung's group on the application of this 
m ethodology to the synthesis of (+)-Greisofulvin67 provided information 
regarding the reversibility of oxonium ylide formation (Scheme 45).
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Scheme 45: Oxonium Ylides for the Synthesis of (+)-Greisofulvin
W hen the diazo substrate 149 was exposed to catalytic rhodium  pivalate, the 
initially form ed carbenoid was capable of forming two different oxonium 
ylides. Ylide formation at either oxygen would result in similar five- 
m em bered rings yet the only product formed was the result of a 2,3- 
sigm atropic rearrangement from the ylide generated at the methallyl ether. 
P irrung suggested that reversible ylide formation was occurring at both 
oxygens, however the 2,3-shift had the lowest activation barrier and was 
observed exclusively. In order to investigate productive pathways available 
to the methyl ether derived ylide, the diazo substrate 153 was prepared and
that the ylide was capable of productive chemistry, however the modest yield 
suggested that this rearrangement pathway was not an efficient one.
exposed to catalyst (Scheme 46). The isolation of enol ether 154 demonstrated




Scheme 46: Available Reaction for Pirrung's Methyl Ylides
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D. Chiral Catalysts
The lack of catalyst influences on the diastereoselectivity of 2,3- 
sigmatropic rearrangements had been advanced by Doyle as evidence that
concerted rearrangem ent of the free ylide. However, the observation of 
stereoselective rearrangem ents due to the application of chiral catalysts has 
suggested an intimate association of the catalyst with the ylide during 
rearrangement. The first use of chiral catalysts for oxonium ylide 
transformations was reported by Nozaki twenty years ago .68  Although these 
initial results were unimpressive, the more recent studies have shown the 
promise of chiral catalysts as a valuable synthetic tool. The enantioselective 
rearrangement of an ylide prepared by catalytic diazo decomposition with the 
chiral rhodium  binapthol complex69 1 57 was among the first examples
dissociation of the metal ion from the metal-ylide complex precedes the





Scheme 47: McKervey's Enantioselective 2,3-Shift
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(Scheme 47). Although it is possible that the metal ion may have dissociated 
prior to ylide rearrangem ent, the reaction rate of the free ylide m ust have 
been competitive w ith oxonium ion inversion.
Another exam ple of enantioselective ylide form ation and 
rearrangement was recently reported by Doyle (Scheme 48).70 W hen the diazo 
substrate 158 was exposed to chiral rhodium catalysts, enantiomerically
O
0  I Rh2(4S-MIPPIM),






159 81 % ee
?  N ^ C 0 2Me 160 
c Rh— Rh
|  I '' i Rh2(4S-MIPPIM)4
r
|  Scheme 48: Enantioselective 1,2-Shifts
$
ft
j enriched bicyclic products resulted from ylide formation and 1 ,2 -shift.
Treatment of diazo substrate 158 with Rh-2 (4 s-MPPIM ) 4  resulted in the 
| formation of bicyclic compound 159 in 8 6 % yield with an 81% enantiomeric
jE excess. These two examples are encouraging, however m uch work is needed
>*
to understand the application of the chiral catalytic systems.
In sum m ary, oxonium ylides may be prepared from oxygen containing 
substrates such as ethers and ketals upon their exposure to both rhodium  and 
copper carbenoids. Although formation of oxonium ylides have been 
reported in which the oxygen and carbenoid come from different sources, 
competitive side reactions such as cyclopropanation are often observed. The
38
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preparation of substrates that contain both diazocarbonyl and oxygen 
functionality offer the distinct advantage of ylide selective transformations. 
Once formed, ylides are capable of a variety of subsequent chemistry such as
1,2-shift, 2,3-shifts, p-elimination, and protonation reactions. While there are 
indications that the stereoselectivity of ylide processes may be controlled 
through the application of chiral catalysts, control of the chemoselectivity of 
ylide rearrangem ent is more complicated. The influence of allylic 
functionality or stabilized migrating groups on the rearrangements is well 
documented, although more subtle influences such as developing ring strain 
appear to play a significant role. The following discussion describes a detailed 
investigation of bicyclic oxonium ylide formation with ketals and the factors 
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CHAPTER II
RESULTS AND DISCUSSION
A. Synthesis and Reactivity of Levulinate Based Diazo Compounds
Many reactions involving oxonium ylides have been reexamined in 
recent years due to the ease of generation of copper and rhodium carbenoids. 
While the observed reactions are not new, the impressive chemoselectivity 
which has been demonstrated for metal associated oxonium ylides has 
facilitated their synthetic application. In contrast to ylides prepared from
£
|  ether oxygens, the generation of ylides from ketals has only recently been
| addressed. Although reports of ketal derived oxonium ylides are rare, two
| important examples demonstrated that such ylides are capable of selective
|  rearrangement. Roskamp and Johnson observed competitive 1,2-shift and (3-
f
\ elimination w hen an ylide was formed by intramolecular reaction of a
• carbenoid w ith a dioxolane (Scheme 29). In contrast, the ylide prepared by
I reaction of a carbenoid with the acrolein dimethyl acetal underw ent a clean
I 2,3-shift (Scheme 40).
| It was thought that the allylic oxygens found in diallyl ketals71 might
[ provide for interesting reactivity if an oxonium ylide such as 172 (Scheme 49)
40









Scheme 49: Proposed Reactivity of Diallyl Ketals
was formed by exposure of a diallyl ketal to an appropriate carbenoid. When 
the previous studies of ylide rearrangement are considered, products 
resulting from 1,2-shifts 163 and 2,3-shifts 164 might be expected from ylide 
162.
When diallyl ketals were treated with rhodium and copper carbenoids 
prepared from ethyl diazoacetate (EDA), only cyclopropanation reactions were 




Scheme 50: Observed Reactivity of Diallyl Ketals w ith Carbenoids
reaction of diallyl ketals with carbenoids was not surprising; not only were 
the electron rich olefins of allylic ethers excellent substrates for
41
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cyclopropanation, but the steric environment surrounding the ketal oxygens 
was quite congested.
Doyle observed that intermolecular ylide formation was influenced by 
steric factors. For example, when the methyl acetal of acrolien was exposed to 
a rhodium  carbenoid, ylide derived products were formed (Scheme 41). 
However, exposure of the ethyl acetal to a rhodium  carbenoid produced 
mostly cyclopropanation products. Therefore, the steric environm ent 
surrounding the oxygens of the diallyl ketal 161 m ay have inhibited ylide 
form ation.
It was thought that a diazo substrate which would allow 
intramolecular reaction would enhance ylide selectivity and facilitate the 
study of diallyl ketal derived oxonium ylides. Com pound 166 , which 
contains a diazocarbonyl functional group tethered to a diallyl ketal, was an 
attractive starting point for this study (Scheme 51). Formation of a six-






Scheme 51: Proposed Intramolecular Ylide Formation with Diallyl Ketals
membered ring oxonium ylide with this intramolecular substrate was 
expected to be more rapid than cyclopropanation of the olefin. The potential 
for a 2,3-sigmatropic shift from the anticipated bicyclic ylide 167 was especially 
attractive since it would result in the formation of a new six-membered ring. 
In the event that 2,3-shifts dominated the chemistry of the cyclic oxonium
42
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ylides, a unique route to spiro-ketals might be available by the preparation of 
a substrate capable of two-directional reactivity (Scheme 52).
N , I [ N, 





Scheme 52: Proposed Two-Directional Oxonium Ylide Chemistry
The diallyl ketal 171 required for the synthesis of 166 was readily 
prepared from methyl levulinate 175 by treatment with 
allyloxytrimethylsilane and catalytic trimethylsilyltriflate (TMSOTf). 
However, all attempts to elaborate the ester 171 (Scheme 53) to diazoketal 166 
were complicated by the instability of carboxylic add  172. The sensitivity of 
the diallyl ketals to aqueous add  made them unsuitable for application of the 









Scheme 53: Attempted Synthesis of Compound 166
require a carboxylic acid as an intermediate. It was possible to saponify the 
ester 171, however when the reaction mixture was acidified and extracted
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with ether, only levulinic a d d  173 was isolated. All attempts to prepare an 
ad d  chloride, acyl imidazole, or their synthetic equivalent from  crude 
potassium or sodium carboxylate salts were unsuccessful.
A. Synthesis and Chemistry of Divinyl Dioxolane 174
The diazo dioxolane 174 (Figure 3)53 was proposed as an alternative to 
166 since the robust dioxolane ketal was expected to be stable during 
conversion of the methyl ester to the diazocarbonyl functional group.
In addition to testing the 2,3-sigmatropic rearrangement pathw ay, 
diazodioxolane 174 was expected to address a number of other questions 
induding competition between six-membered ring bicyclic ylide formation 
and C-H insertion, competitive ylide formation between diastereotopic 
oxygens, the influence of copper (II) and rhodium (II) catalytic systems, and 
the role ketal substituents play in determining the subsequent reactivity of 
oxonium ylides.
The preparation of diazoketal 174 (Scheme 54) was initiated by the 
reaction of methyl levulinate 175 with a mixture of diastereomeric 1,5- 
hexadiene-3,4-diols in the presence of trimethylorthoformate and catalytic 
acid. The dioxolane derived from the d,l-diol 176 was separated by careful
174 O O
Figure 3: Divinyl Dioxolane Diazo Substrate 174
chromatography on silica in gram  quantities and identified by the ^H-NMR.
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sThe ester 176 was saponified in 2M methanolic KOH, carefully acidified to pH 
4, and extracted with ether. The carboxylic acid was converted to the p-keto 
ester 177 according to the procedure of Masamune73 which employed carbonyl 
diimidazole in the preparation of an intermediate acyl imidazole followed by 
treatment with a magnesium  malonate salt. Diazo transfer was subsequently 
effected with 4-carboxybenzenesulfonazide and triethylamine .74 The 
advantage offered by this diazo transfer reagent was the solubility of the 
sulfonamide by-product in aqueous base. Analytically pure oc-diazo-P- 
ketoesters were often isolated from the reaction mixture after a simple 
aqueous bicarbonate workup.
(X a J X  he
s 175 °  176 °
^ Y Y 0 '  —  ° ^ W '0 0 o o177 174
a) mix of meso and d,l diols, (CH30 )3CH, p-TsOH (separate d,l isomer by chromatography), 40%;
b) i) KOH/CH3OH; ii) H30 +, 95%; c) i) carbonyl diimidazole, ii) Mg2+(02CCH2C0 2 CH3)2, 74%; 
d) p-carboxybenzenesulfonazide, Et3N, 95%.
Scheme 54: Synthesis of Divinyl Dioxolane Diazo Com pound 174
Upon exposure to catalytic Rh2 (OAc)4  at room temperature, diazo 
compound 174 was rapidly converted to a new substance 179 in 35% yield 
(Scheme 55). The com pound formed in this reaction was clearly the result of 
ylide formation and a diastereoselective 1,2-shift. The initial assignment of
45
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Scheme 55: Reactivity of Divinyl Dioxolane Diazo Compound 174
X-ray analysis was necessary to confirm the structural assignment and 
to determine the stereochemical orientation of the vinyl substituents. 
Transformation of 179 by reaction with semicarbazide hydrochloride in a 
buffered ethanol/w ater mixture provided a crystalline semicarbazone 
derivative 181. Slow crystallization of the semicarbazone from carbon 
tetrachloride provided a high quality crystal suitable for x-ray analysis.
in this reaction. On the contrary, the intermediate ylide 178, formed through 
nudeophilic attack of the least sterically hindered oxygen on the carbenoid, 
had undergone a 1,2-shift with migration of the exocvclic. allvlic carbon. The
It was immediately apparent from the X-ray structure that 180 was not formed
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unusual feature of this alternate 1 ,2 -shift was that the migrating group was 
not the ketal carbon as had been observed by Johnson.
1. Optimization of Ylide Product 179
The reports from numerous sources75 that ylide selective carbenoids 
were generated from electron-deficient copper catalysts were considered in the 
optimization of this new reaction. A study of catalyst, and tem perature 
dependence on the efficiency of formation of 179 was performed (Table 1).









| Table 1: Catalyst Dependence on the Formation of 179
5 The electron-deficient copper (II) hexafluoro-acetylacetonate was far superior
£
 ^ to rhodium  acetate for this transformation and provided 179 in 64% yield.
| While the greatly improved yields were encouraging, the use of copper
| catalysts required the use of elevated reaction temperatures for diazoit
[ decomposition. The copper catalyzed reactions consistently displayed an
incubation period of several hours at 80 °C during which no observable 
reaction occurred. A color change of the reaction mixture from green to 
yellow generally indicated the consumption of the diazo starting material. It
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was apparent that once the reaction was initiated rapid conversion to 
products occurred. As evidence, when the reaction was carefully monitored 
by TLC, starting material and products were never observed in the same 
chromatogram. These observations are consistent with a proposed in situ 
reduction of copper (II) to copper (I) by a diazocarbonyl species. This reduction 
has been previously reported for copper (H) triflate.76
Although little information is available to describe the active catalytic species, 
the superior yields of ylide derived product achieved with the copper catalysts 
provided a vehicle for further exploration of the factors which influence 
competitive ketal-ylide rearrangem ents.
B. Influence of Ketal Substituents of Ylide Rearrangements
The factors which control competitive 1,2-shifts from ylides prepared 
from ethereal oxygens have been reported , 77 however similar competition 
studies have not been explored with ketal substrates. It was thought that the 
unusual regioselectivity in the rearrangem ent of diazo com pound 174 was 
facilitated by a stabilizing influence provided to the migrating carbon by the 
proximal vinyl group. Additional substrates were prepared in which the 
ketal ring size and substitution pattern were varied. The results of their 
exposure to the catalytic conditions optimized for ylide formation allowed 
further clarification of factors which influence these competitive 
rearrangements. The results of this investigation are described below  but are 
summarized as follows; the selectivity of ketal-ylide rearrangem ent is 
controlled by both ring-strain and ketal substituents.
48
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1. Diphenyl Substituted Dioxolane
The generality of the exocyclic 1,2-shift was first confirmed through 
preparation of the diphenyl substituted dioxolane 184 (Scheme 56). Methyl 
levulinate 175 was treated with commercially available (d,/)-l,2-diphenyl-l,2- 
dihydroxy ethane in the presence of trimethyl orthoform ate and catalytic acid. 
The resulting dioxolane 182 was converted to a-diazo-p-ketoester 184 in good 








Ph N -'Ph Ph * «'Ph
V A ,  n 2
j
£ 183 °  °  184 °  °
[  a) ^-hydrobenzoin, (CH30 ) 3CH, p-TsOH 94%; b) i) KOH/CH3OH; ii)H30 +, 95%;
! c) i) carbonyl diimidazole, ii) Mg2+(0 2CCH2C02CH3)2, 77%; d) p-carboxybcnzene-
|  sulfonazide, Et3N, 98%.
Scheme 56; Synthesis of Diphenyl Dioxolane Diazo Compound 184
Phenyl substitution was expected to provide stabilization for cation or 
radical character at the exocyclic carbon in a sim ilar fashion to that observed 
with the vinyl groups of com pound 174. The isolated benzylic protons in 184 
were expected to simplify analysis of the anticipated bicyclic product 185. The 
3j coupling constant for these methine protons was expected to be essential in 
assigning the relative configurations of the phenyl substituents in the bicyclic 
product. Exposure of 184 to Cu(hfacac) 2  resulted in its conversion to a single
49
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diastereomer in a 65% yield (Scheme 57). Analysis of the and 13C NMR 




Scheme 57: Reactivity of Diphenyl Dioxolane Diazo Com pound 184
The observation of a 13C resonance (ketal) at 102 ppm  and the *H resonance 
for a benzylic methine proton (C4) at 2.8 ppm  was consistent w ith the 
connectivity of the bicyclic product 185. Assignment of the orientation of the 
phenyl substituents was based on the 1H -1H  coupling constant between the 
two methines at C3 and C4. Since the coupling constant between the two 
allylic methine protons in 179 (Scheme 55) (3/  = 8.5 Hz) was consistent with 
the twist-boat conformation of its crystal structure, the identification of a 
similar coupling constant between the benzylic methines in 185 (3/  = 9.1 Hz) 
was suggestive of a compound in a similar twist-boat conformation. The 
assignment of structure 185 was consistent w ith the proposed reactivity
sterically hindered oxygen and rearranged with retention of configuration at 
the migrating group.
2. Cyclopropane Substituted Dioxolane
A cydopropyl group is an outstanding stabilizer of cationic and radical 
character .78 The cydopropyl substituted diazodioxolane 188 was prepared in order to 
test the ability of cyclopropanes to promote exocyclic 1,2-shifts. The successful
model for exocyclic 1 ,2 -shifts; the ylide formed selectively at the least
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preparation of diazoketal 188 was accomplished in four steps beginning with 
exposure of the dioxolane 176 to an excess of the zinc carbenoid described in the
a) CH2I2, Et2Zn, 40% b) i) KOH/CH3OH; ii)H30 +, 95%; c) i) carbonyl diimidazole, 
ii) Mg2+(0 2CCH2C 02CH3)2, 18%; d) p-carboxybenzencsulfonazide, Et3N, 95%.
Scheme 58: Synthesis of Dicyclopropyl Dioxolane Diazo Compound 188
Furakawa modified Simmons-Smith procedure (Scheme 58).79 The resulting bis- 
cydopropane methyl ester 186 was advanced to the diazoketal through the sequence 
of reactions described earlier. Saponification and acylation of the ester provided the 
(3-ke toes ter 187 in an unoptim ized 18% yield. Diazo transfer w ith p-carboxybenzene- 
sulfonazide generated a-diazo-P-ketoester 188 in 95% yield. Decomposition of the
176 °  186
^ Y Y
Scheme 59: Reactivity of Dicyclopropyl Dioxolane Diazo Compound 188
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cydopropane substituted dioxolane substrate 188 with Cu(hfacac) 2  resulted in its 
dean  conversion to the dicyclopropyl substituted bicyclic structure 189 in 61% yield 
(Scheme 59). Evidence supporting this assignm ent came from the upfield methine 
resonance observed in !H  NMR spectrum at 2.5 ppm  which was suggestive of a 
bridged-bicydic structure and the 13C resonance at 108.2 ppm  which was consistent 
with the continued presence of a ketal carbon. The methine-methine coupling 
constant of 8.0 Hz was established through selective decoupling experiments and 
was consistent with the coupling constant m easured for the 2,9- 
dioxabicyclo[3.3.1]nonane compound 179.
In order to prepare the exocyclic 1,2-shift product 189 by alternative synthesis, 
the divinyl substituted 2,9-dioxabicyclo[3.3.1]nonane 179 was exposed to the zinc 
carbenoid (Scheme 60). Unfortunately, this reaction resulted in a complex mixture 
which was not able to be purified by chromatography on silica.
189179
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3. U nsubstitu ted  Dioxolane
The hypothesis that strong stabilizing groups are required at the 4 or 5 
positions of the dioxolane for exocyclic 1 ,2 -shifts was tested by preparation of 
the unsubstitu ted dioxolane 192. The ethylene ketal 190 was prepared in 
m ultigram  quantities by the reaction of methyl levulinate 175 w ith ethylene 
glycol and  trimethylorthoformate. Purification of this compound was 
possible by distillation at reduced pressure (Scheme 61). Saponification and
< 0 >
° -  a  —
175 °  190 0
I V, / V, n 2
191 O O 192 O O
a) ethylene glycol, (CH30 )3CH, p-TsOH, 80%; b) i) KOH/CH3OH; ii)H30 +; c) i) carbonyl- 
diimidazole, ii) Mg2+(02CCH2C0 2CH3)2, 71%; d) p-carboxybenzencsulfonazide, Et3N, 84%.
Scheme 61: Synthesis of Parent Dioxolane Diazo Com pound 192
acylation of the ester resulted in a 71% yield of the p-ketoester 191 which was 
subjected to a diazo transfer reaction. The targeted diazoketal 192 was 
generated in 84% yield. Exposure of 192 to Cu(hfacac)2  resulted in the 
form ation of two new ylide derived compounds (Scheme 62). The P~ 
elim ination product 196 was isolated in 57% yield, while the ring-fused 
product 197 was generated in an 18% yield. No ylide derived products were 
observed w hen rhodium  acetate was used as the catalyst for this reaction
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Scheme 62: Reactivity of Parent Dioxolane Diazo Compound 192
Product 197, the result of a 1,2-shift involving the ketal carbon, was 
analogous to the product observed in the earlier study of Johnson (Scheme 
29). Alhough compound 197 possessed an identical proton spin-system to the 
possible bridged bicyclic structure 194, assignment by analysis of the NMR 
spectra was possible. The 13C chemical shifts of the quaternary carbons 
provided a consistent spectral marker for structural assignment. Ketal 
carbons were observed at shifts 5 > 1 0 0  ppm for the bridged bicyclic 
compounds 179,184, and 189, while the quaternary ether carbon of the ring- 
fused structure 197 was observed at 87 ppm. The upfield shift of the C4 
methine protons observed in the bridged bicyclic structures 179,184, and 189 
was another spectral marker used to distinguish the two ring systems. Four 
methylene protons were observed between 3.5 and 4.0 ppm  in the ^H-NMR 
spectrum of 197, whereas two of these methylene protons would be expected
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to be further upfield in the bridged-bicyclic skeleton 194. The assignment of 
structure 197, based on these spectral markers was later confirmed by x-ray 
analysis of a related compound, vide infra.
The competitive relationship between the P-elimination product 196 
and the ring-fused product 197 merits some discussion. While it has been 
difficult to completely suppress formation of 196, the yield of the competitive 
ring-fused compound 197 was optimized to 51% by dehydration of the catalyst 
and employment of strictly anhydrous conditions. This suggests that water 
acts as a base to promote the (3-elimination reaction.
McO,C O
C 02Me Cu(hfacac)2 CX"
C 'o ~ L f= - °
196
cBenzene, 80 C O
197
CH3
Scheme 63: Re-exposure of (3-Elimination Product 196 to Catalyst
It is possible that the P-elimination product serves as an intermediate 
in the formation of ring-fused products. When the moisture sensitive enol- 
ether 196 was isolated and re-exposed to catalytic Cu(hfacac)2 , significant 
formation of the ring-fused product 197 was observed (Scheme 63). Although 
the mechanistic details of the formation of 196 from ylide 193 are not known, 
it is clear that concerted 1 ,2 -shifts are not necessary for the formation of ring- 
fused products.
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Scheme 64: Proposed Stepwise Formation of Ring-Fused Products
A stepwise mechanism for this 1,2-shift is suggested by this reaction. 
The initially formed bicyclic ylide 193 may fragment to the 9-membered ring 
oxocarbenium ion 198 in  heterolytic fashion (Scheme 64). Transannular bond
ring-fused product 197. Deprotonation could take place from either the ylide
Although it was possible to isolate the p-elimination product 196 by 
chromatography on deactivated silica, the compound was quite sensitive and 
rapidly isomerized to the dioxene 195. For example, when an NMR sample 
of pure 196 was prepared using old CDCI3 , this isomerization was 
quantitative after three days. A reasonable mechanism for this 
transformation involves the initial hydrolysis of the enol-ether followed by 
interconversion of two isomeric hemiacetals 199 and 200 (Scheme 65). 
Dehydration of hemiacetal 200 would produce the dioxene 195 and regenerate 
a molecule of water.
formation of this short-lived zwitterion w ould then provide the observed
193 or from the zwitterion 198 and generate the P-elimination product 196.
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Scheme 65: Proposed Mechanism for Formation of Dioxene 195
a. Preparation of Dioxene Compounds by O-H Insertion
This intriguing rearrangem ent suggested a general route to 
functionalized dioxene derivatives (Scheme 6 6 ). Exposure of a-diazo-p- 
ketoester 2 0 1  to rhodium catalysis in the presence of ethylene glycol resulted 
in an O-H insertion reaction that provided a mixture of 2 0 2  and its isomeric 
hemiacetals. The mixture was cleanly dehydrated under acidic conditions to 
provide dioxene 203 in 22% overall yield .80
^ O H
^ 2  Rh2(OAc)4 ?  p-TsOH
phvSrOEt  ~PhvV 0Et-   f  Y
JI II ethylene H fl Benzene Ph
°  °  glycol u  u
201 202 203
Scheme 6 6 : Preparation of Dioxenes by O-H Insertion Reactions
The successful generation of dioxene com pound 203 from the O-H 
insertion product 2 0 2  supports the mechanism advanced for the formation of
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dioxene 195. The relative ease of preparation of P-keto esters from both 
carboxylic ad d s or carboxaldehydes and the commerdal availability of many 
1 ,2 -diols suggests this chemistry can provide access to a range of dioxene 
products.
4. Diethyl Dioxolane
The unusual 1,2-shift reported by Kirmse (Scheme 15) where the 
migrating group was a simple secondary carbon, suggested that alkyl- 
substituted dioxolane 205 might form an oxonium ylide capable of either 
exocyclic 1,2-shift or endocydic 1,2-shift. The diethyl dioxolane P-ketoester 
204 was prepared by catalytic reduction of 177 in 64% yield. Diazo transfer 
provided the required substrate 205 in 85% yield (Scheme 67).
I El' r < rI o_ -O a P
•x ' ^ Y " Y a '  — -
177 0  0  204 °  °
Etv  ,.'Et
b A O  N2
— -
205 °  °
a) H2 /10% Pd/C, 64%; b) p-carboxybenzenesulfonazide, Et3N, 85%. 
Scheme 67: Synthesis of Diethyl Dioxolane Diazo Compound 205
An authentic sample of the proposed bridged bicyclic structure 206 was 
prepared by catalytic reduction of 179 in 64% yield (Scheme 6 8 ). Spectral 
analysis of 206 provided further confirmation of the spectral markers
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H3C02C p C g k
Et
206
Scheme 6 8 : Alternative Synthesis of Diethyl Bicyclo[3.3.1]nonane 206
employed for structural assignment of bicyclic compounds 179,184 and 189.
When diazo com pound 205 was exposed to Cu(hfacac)z, no evidence of 
the bridged bicyclic structure 206 was observed (Scheme 69). An unstable 
















E t ^ I  OTjCHj H30 + Ht„ O ^C C ^C H ,
T £ ± r °  —
o
209 210
Scheme 69: Reactivity of Diethyl Dioxolane Diazo Com pound 205
isolated from the reaction mixture in 29% yield. The observation of olefinic 
resonances in the *H NMR spectrum suggested an enol ether 209 had been 
formed by p-elimination of oxonium ylide 207. Efforts to obtain the 13C 
NMR spectrum of 209 were unsuccessful, however, the clean isomerization
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of com pound 209 to dioxene product 208 upon treatment with "wet" CDCI3  
was consistent with the intermediacy of an enol ether. The low recovery of 
mass from this reaction may have been the result of the sensitivity of the 
enol-ether functional group to purification by chromatography on silica. It is 
unclear w hy the ylide 207 did not participate in a 1,2-shift to provide the ring- 
fused product 210 in a manner sim ilar to the unsubstituted dioxolane 192, 
however the additional steric bulk of the two ethyl groups m ust be 
considered. The absence of the bridged bicyclic product suggests that the 
stabilization provided by alkyl substitution of the dioxolane was insufficient 
to prom ote exocydic 1 ,2 -shifts.
5. Benzodioxolane Diazo Com pound
The benzodioxolane-containing diazo compound 213 (Scheme 70) was 
prepared to investigate the formation and rearrangement of ylides derived
O
a b,c
175 O 211 °
212 O O 213 °  °
a) catechol, pTsOH, Benzene; b) i) KOH/CH3OH; ii) H30 +; c) i) carbonyl 
diimidazolc, ii) Mg^tC^CCF^CC^CH^; d) p-carboxybenzcnesulfonazide, Ht3N.
Scheme 70: Synthesis of Benzodioxolane Diazo Com pound 213
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from phenolic oxygens. The synthesis of 213 commenced with the reaction of 
catechol with m ethyl levulinate and catalytic add . Azeotropic removal of 
water resulted in a complex mixture which was purified by chromatography 
to yield modest quantities of benzodioxolane 211. Ketal 211 was converted to 
the a-diazo-P-ke toes ter 213 using the standard methodology. Exposure of this 
unique diazo com pound to catalytic Cu(hfacac) 2  resulted in a complex 
m ixture of products which were inseparable by chromatography (Scheme 71). 
W hile the ring-fused product 214 was indicated in the crude reaction mixture, 
it could not be suffidently  purified for complete characterization. The






Scheme 71: Reactivity of Benzodioxolane Diazo Com pound 213
unusually poor selectivity of this reaction may have resulted from the poor 
nucleophilicity of the phenolic oxygens. Another explanation for the poor 
selectivity was suggested by the unusual elimination observed in the 
attem pted O-H insertion reaction between diazo com pound 201 and catechol 
(Scheme 72).81 The O -H  insertion product 217 was not isolated from the
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Rh2(OAc)4 
Benzene O O„  „  o w w / s .
X X  --------- *-----------   p A A * .  C X . ^ IT OEt ^ ^ 0 'Ph‘ ((
k A n „  2 1 8  2”
Ph* n r ' ~oh
201 OH
216
Scheme 72: Attempted O-H Insertion Reaction with Catechol
reaction mixture. The occurrence of a brick-red color during the reaction and 
the isolation of the reduced p-ketoester 218 suggested that an initially formed 
insertion product 219 experienced an elimination to the ortho-quinone 220 
(Scheme 73). If the P-elimination product 215 (Scheme 71) was formed upon 
the catalytic decomposition of 213, it was expected that addition of H2 O would 
be followed by  elimination to the ortho-quinone.
O O
P h^S^O E t
o  o  o
/ - H ^ O  ’  P h A A ° Et
B: 219 220 218
Scheme 73: Proposed Elimination of Catechol O-H Insertion Product
The results obtained from the preparation and decomposition of the 
benzodioxolane substrate 213 illustrated that the unusual electronics of 
phenolic oxygens make them poor candidates for oxonium ylide reactions.
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C  Influence of Ketal Ring Size on Competitive Chemistry
1. 1,3-Dioxane Diazo Compound
While dioxolane substitution dearly  influenced the regioselectivity of 
the 1 ,2 -shifts, the effects of ring size on these rearrangements was still undear. 
The 1,3-dioxane diazoketal 223 was prepared to address this issue. Treatment 
of m ethyl levulinate with 2-methoxy-l,3-dioxane and catalytic a d d  resulted in 
a very dean  reaction. The ester 221 was purified in multigram quantities by 
reduced pressure distillation and converted into the dioxane-containing diazo 
substrate 223 using the standard methodology (Scheme 74). This new 
com pound provided a vehicle for studying the rearrangement of the 
homologous bicydo[4.3.0]decane oxonium ylide 224.
Scheme 74: Synthesis of 1,3-Dioxane Diazo Compound 223
Exposure of diazo compound 223 to Cu(hfacac) 2  resulted in its 







a) 2-methoxy-l,3-dioxane, p-TsOH, 80% b) i) KOH/CH3OH; ii)H30 +, 95%; 
c) i) carbonyl diimidazole, ii) Mg2+ (C^CCHjCC^CH^, 61%;
d) p-carboxybenzenesulfonazide, Et3N, 87%.
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with migration of the ketal carbon (Scheme 75). This result stands in stark 
contrast to the reactivity displayed by the unsubstituted dioxolane, (Scheme 
62) w here competition between p-elimination and endocyclic 1 ,2 -shift was 
dependent on the presence of water. No p-elimination was observed from 
ylide 224 even when hydrated Cu(hfacac) 2  was employed as catalyst.
Transformation of 225 by treatment with semicarbazide in a buffered 
e thanol/w ater mixture provided the semicarbazone derivative 226 as a 
crystalline solid. Slow crystallization of the semicarbazone from hot carbon 
tetrachloride resulted in a high-quality single crystal suitable for x-ray analysis
structure provided excellent support for the spectral markers which had been 
used for differentiation of the two possible 1,2-shift products. The cis-ring
I I IN-j
3' X ^ r V '
CL .O t /C O zM e
Scheme 75: Reactivity of 1,3-Dioxane Diazo Com pound 223








Scheme 76: Derivatization of Bicyclic Ketone 225
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fusion resulting from the endocyclic 1 ,2 -shift suggests a similar cis-ring fusion 
for dioxane product 197 (Scheme 62).
2. Benzodioxepin Diazoketal
The em erging m odel for bicyclic oxonium ylide rearrangem ent 
suggested that ylides derived from larger cyclic ketals favored a 1 ,2 -shift with 
migration of the ketal carbon. However, similar 1,2-shifts of ylides generated 
from smaller cyclic ketals such as dioxolanes were far less facile. Stabilizing 
groups on dioxolanes prom oted the formation of bicyclic products by 1 ,2 - 
migration of the stabilized, exocyclic carbon. The benzodioxepin substrate 229 
was prepared in order to test the reactivity of an ylide possessing both a larger
229
a) i) benzene dimcthanol, (CH30 )3CH, p-TsOH, benzene 51%;
b) i) KOH/CH3OH; ii)H30 +; e) i) carbonyl diimidazole, ii) Mg2+(0 2CCH2C 0 2CH3)2, 69%; 
d) p-carboxybcnzenesulfonazide, Et3N, 91%.
Scheme 77: Synthesis of Benzodioxepin Diazo Com pound 229
ketal ring size and stabilized exocyclic carbons. The anticipated bicyclic ylide 
was expected to encounter little resistance to the transannular 1 ,2 -shift,
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however the stabilized benzylic carbons were expected to facilitate exocyclic 
migration. The preparation of the benzodioxepin ketal 227 from benzene 
dimethanol and methyl levulinate was accomplished according to a known 
procedure reported by Sharpless (Scheme 77).82 Generation of the [3-ketoester 
228 and its conversion to the a-diazo-P-ketoester 229 were accomplished 
using the standard methodology. Exposure of 229 to catalytic Cu(hfacac) 2  
resulted in the formation of both 1,2-shift products 231 and 232 (Scheme 78).
229
catalyst








Scheme 78: Reactivity of Benzodioxepin Diazo Compound 229
The major product 231 was formed in 57% yield and was the result of an 
endocyclic 1,2-shift with migration of the ketal carbon. The minor 
component 232, an unstable bridged-bicyclic skeleton resulting from an 
exocyclic 1,2-shift to the benzylic position, was formed in trace amounts. The 
purification of these two compounds was complicated by their coincidental 
mobility on silica and other sorbents. Fortunately, it was possible to 
decompose 232 upon treatment with aqueous ad d  thereby allowing for the 
purification of 231. Although a pure sample of compound 232 could not be 
isolated, the characteristic resonances for the bridged bicydic structure 179, 
184, and 189 were observed in the crude ^H-NMR and 13C-NMR spectra of 
232. A 13C resonance corresponding to the ketal carbon was observed at 109
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ppm  and the benzylic protons at C6  were observed at 4.05 ppm  (/ = 17.1 Hz), 
and 3.2 ppm  (/ = 17.1 Hz). The efficient formation of ring-fused product 231 
suggested that the presence of stabilization was not the dom inant factor in 
determ ining the fate of the interm ediate bicyclic oxonium ylide 230.
This study of bicyclic oxonium ylides formed by the intramolecular 
reaction of carbenoids with ketals suggested that only ylides in which 
endocyclic shifts were inhibited, such as those formed from dioxolanes, 
experienced exocyclic shifts and P-elimination. Ylides which w ere prepared 
from larger cyclic ketals such as the benzodioxepin 230 formed ring-fused 
products cleanly even in the presence of stabilized exocyclic m igrating groups 
or adventitious bases.
“ D. Preparation and Reactivity of Diazoketone Substrates
|  The efficient formation of oxonium  ylides from diazoketones has
! ample precedence, however no systematic study has been perform ed on thefactors which influence the rearrangem ent of ylides generated from ketals. The following discussion details an initial investigation into the preparation 
I and reactivity of a series of ketal-containing diazoketones.
1 Methods which have been reported for the preparation of diazo-
j
I ketones require carboxylate functionality as a starting material. Ketal-
9
f containing levulinate esters were expected to serve as excellent diazoketone
i
I precursors. The preparation of diazoketone 233 as reported by Roskamp andJohnson (Scheme 29), began with saponification of the ethylene ketal of ! methyl levulinate 190 in methanolic KOH followed by treatm ent of the
resulting carboxylic acid with oxalyl chloride in the presence of pyridine. The 
crude acid chloride was added directly to an ethereal diazomethane solution 
which resulted in a 15% yield of diazoketone 233 from the ester 190 (Scheme
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79). The ethereal diazomethane solution used for the preparation of 233 was 
generated by the reaction of N-methyl-N-nitrosourea w ith 50% aqueous KOH. 
In order to avoid the potentially hazardous distillation of the ethereal 
diazomethane, the two-phase w ater/diazom ethane m ixture was treated 
directly with the crude acid chloride. An immediate color change upon 
addition of the acid chloride indicated its preferential reaction with the 
strongly alkaline aqueous phase. It was concluded that d ry  ethereal 
diazom ethane was required for efficient diazoketone form ation. Although 
the yield was poor, an adequate quantity of diazoketone 233 was isolated to 
allow the study of its reactivity.
O190
l)i.)KOH /  CH3OH 
ii) H30 +
3) CH2N2 /  Et20










Scheme 79: Synthesis and Reaction of Dioxolane Diazoketone 233
r,i}
i
i Exposure of diazoketone 233 to Cu(hfacac)2  in benzene at room
|  tem perature resulted in a complex reaction mixture which was inseparable by
£ chromatography. The recent investigation of this identical substrate by Oku
suggests that (3-elimination dominated the chemistry of com pound 233.56
The 1,3-dioxane diazoketone 235 was prepared in a similar fashion, 
although the required dry  ethereal diazomethane was prepared  using an
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Aldrich D iazald™  apparatus and distilled immediately prior to use (Scheme 
80). Diazoketone 235 was isolated in a 22% yield from ester 221, however the 
efficiency of this reaction was clearly inconsistent w ith the literature reports 
of 60-70% for similar transformations.
1) i.) KOH /  CH3OH  
ii) H30 +
2) CICOCOCI /  pyridiner 'i
 -




benzene, rt O i
CH3
236 237
Scheme 80: Synthesis and Reaction of 1,3-Dioxane Diazoketone 235
Exposure of the dioxane containing substrate 235 to Cu(hfacac)2  in 
benzene resulted in its quantitative conversion to the ring-fused product 236. 
Chrom atography of 236 on silica resulted in its decomposition. Oku and 
coworkers reported the formation of this product by reaction of 235 with 
rhodium  acetate and found that the cyclopentanone 236 underw ent 
elimination w hen exposed to silica to provide cyclopentenone 237.56
In order to test the applicability of exocyclic 1,2-shifts of oxonium ylides 
prepared from diazo ketones, the trans-divinyl dioxolane 238 was prepared. 
Methyl ester 176 was treated with the sequence of reactions reported by Padwa 
(Scheme 81)83 in which saponification of the ester w ith potassium  
trimethylsilanolate (KOTMS) 84 was followed by im m ediate exposure of the
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Scheme 81: Synthesis of Divinyl Dioxolane Diazoketone 238
dry carboxylate salt to methyl chloroformate. The mixed anhydride was 
treated with dry  ethereal diazomethane to generate the diazoketone 238 in a 








Scheme 82: Reaction of Divinyl Dioxolane Diazoketone 238
Surprisingly, exposure of 238 to catalytic decomposition resulted in the 
substituted cycloheptatriene 239 (Scheme 82). This product arose from the 
well precedented cyclopropanation of benzene and subsequent electrocyclic 
ring opening of the strained intermediate 240.85 No cycloheptatriene reaction 
products had been observed in the reaction of the 1,3-dioxane diazoketone 
235, which suggests that in the absence of a favorable reaction pathw ay for the
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interm ediate ylide, the carbenoid reacts with the available solvent. Perhaps if 
the reaction was repeated in a less reactive solvent such as dichloromethane, 
the desired bicyclic product would be observed.
The nonaqueous conditions utilized for the preparation of the divinyl 
dioxolane 238 (Scheme 81) suggested a route to the acyclic ketal-containing 
diazo substrates. Compound 166 (Scheme 51) was the original target of this 
study, yet was not prepared due to its sensitivity to aqueous acid.
The dimethoxy ketal substrate 242 was prepared as a model for diallyl 
ketal-containing diazo com pound 166. Reaction of the methyl levulinate 
dimethyl acetal 241 (Scheme 83) with KOTMS followed by treatment of the 
salt w ith methyl chloroformate in ether resulted in the formation of a mixed 
anhydride. Exposure of this intermediate to dry ethereal diazomethane 
resulted in the formation of diazoketal 242. Since the ylide which would
l) KOTMS /  Et20
c h 3o  OCH3 2) CH30 2CC1 /  Et20  CH,CX .OCH3 \ p
3) CH2N2 /  Et20  II
o  ^241 u  242





Scheme 83: Synthesis of Dimethoxy Diazoketone 242
form upon treatment of 242 with Cu(n) is monocyclic, little resistance to 1,2- 
shift to the ketal carbon should be encountered. Exposure of diazoketal 242 to 
Cu(hfacac) 2  in benzene at room temperature resulted in its clean conversion 
to the corresponding ring-fused product 234 (Scheme 83). This sample rapidly
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decomposed in  CDCI3 , most likely by elimination of methanol to generate 
244.
The diallyl ketal substrate 166 was prepared in small quantities through 
application of the m ethod described above for 242. In addition to the 1,2-shift 
and subsequent p-elimination chemistry observed w ith the other diazoketone 
substrates, the presence of allylic functionality m ade the 2,3-sigmatropic 
rearrangem ent of the ylide a possibility.
C om pound 166 was exposed to Cu(hfacac) 2  which resulted the 
formation of the ring-fused product 245 (Scheme 84). No evidence of a 2,3- 
shift was indicated in the NMR spectrum  of the crude reaction mixture.
As was the case with the other cyclopentanone products 236 and 243 , this 
sample was unstable on silica and could not be further purified.
E. Conclusions
Ylide form ation by intramolecular exposure of ketals to carbenoids is a
facile process. The efficiency and product selectivity of the rearrangements 
appear to be influenced by two primary factors. The first factor being the ring 
size of the bicyclic ylide, while the second is the substitution pattern of the 
ketal. More flexible bicyclic ylides (larger ring systems) preferentially 





Schem e 84: Reactivity of Diallyl Ketal Diazoketone 166
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rregardless of the substituents present. This could be due to conformational 
flexibility of the ring system, stereoelectronic factors, or a combination of both. 
Ylides which are prepared from dioxolanes do not readily form these ring- 
fused products and alternatively undergo P-elimination reactions. When 
stabilizing groups are present on dioxolanes, a novel 1 ,2 -shift is observed with 
migration of the exocyclic carbon. The highly functionalized 2,9- 
dioxabicyclo[3.3.1]nonane skeleton is rapidly assembled utilizing this 
methodology. This ring system constitutes the core of the natural products 
streptolic acid86 and tirandamycin87 (Figure 4).
Y 1
h 3c - ^ o ^ c h 3
R
h 3c o 2c
(+)-Streptolic Acid Tirandam ycin A
Figure 4: Naturally Occuring 2,9-Dioxabicyclo[3.3.1]nonane Structures
Application of literature based methods for the preparation of ketal- 
containing diazoketones resulted in modest yields of the substrates. The 
preliminary results of their catalytic decomposition with Cu(hfacac) 2  
indicated that oxonium ylides were formed which reacted in a m anner 
|  consistent to the model developed from the reactions of a-diazo-p-ketoesters.
The chemistry of the ylides derived from acyclic ketals was dom inated by the 
1,2-migration of the ketal carbon. A synthetic route to the coveted diallyl 
ketal substrate 166 was developed, however, 2,3-sigmatropic rearrangem ents 
were not observed. The substrates which contained dioxolanes did not 
provide 1,2-shift products. If the ylide was formed, p-elimination appeared to
73
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take place. Alternatively, the carbenoid could react with solvent in the 
absence of a productive ylide. The unusual reactivity of the divinyl dioxolane 
238 indicated that the exocyclic 1,2-shifts observed with the a-diazo-p- 
ketoester substrates may not be as favorable for ylides which are prepared 
from diazoketones, although further experiments are required to understand 
the details of this reactivity.
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Part II. Synthesis of Zaragozic Acid Core
A. Introduction to Zaragozic A dd
Cardiovascular disease (CVD) is the leading cause of death in 
industrialized nations with 915,000 deaths attributed to CVD in 1992.88 When 
that num ber is compared with 521,000 deaths from cancer and 23,000 from 
AIDS, the enorm ous interest from the pharmaceutical industry in the 
development of therapeutic agents for the treatm ent of CVD is 
understandable. The majority of CVD related deaths are caused by Coronary 
Heart Disease (CHD) and Coronary Artery Disease (CAD) which most often 
result from arteriosderosis .89 Arteriosderosis, or "hardening of the arteries" 
is the deposition of cholesterol-containing plaques on arterial walls and is 
commonly treated surgically through bypass surgery. The 1984 report from 
the Lipid Research Clinics Program90 which related abnormally high serum 
cholesterol levels with the risk of heart disease has resulted in increased 
public awareness of the causes of heart disease.
The hum an body generates roughly half of its cholesterol through 
biosynthetic processes ,91 the remaining portion being supplied from dietary 
intake. Consequently, reduction of cholesterol rich foods in the diet is often 
an effective m ethod of reducing serum cholesterol levels and the risk of heart 
disease. In some instances when biosynthetic pathw ays overproduce 
cholesterol, other m ethods for lowering serum cholesterol levels are needed. 
For this reason significant attention has been focused on interrupting the 
body's cholesterol production with therapeutic agents .92 Several anti-
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cholesterol treatments are available today and may be divided into two 
categories; bile ad d  sequestrants and  HMG-CoA reductase inhibitors .93 Bile 
acid sequestrants are basic amine anion exchange resins which work by 
b inding sterol-derived bile a d d s  as insoluble complexes which are excreted . 94 
A lthough this is often an effective therapy, dosages of this resin are often 10- 
2 0  gram s per day and this form  of treatment is accompanied by socially 
unpleasant side effects.
Inhibition of HMG-CoA reductase targets a very early step in the 
biosynthesis of cholesterol in which HMG-CoA is reduced to mevalonic acid. 
M evalonic a d d  is eventually converted to cholesterol in addition  to other 
biologically im portant compounds. There are several HMG-CoA reductase 
inhibitors available today and the market for them is now  m easured in 
billions of dollars .95 The search for more effective drugs has induded  
targeting other steps in the biosynthetic pathway of sterol synthesis induding
»
|  the enzym e squalene synthase (SS). Squalene synthase is involved in the first
t
|  com m itted step on the biosynthetic pathw ay to cholesterol and  is therefore an
w
|  attractive enzyme to inhibit.
*
; The zaragozic adds96 or squalestatins are considered prom ising lead
drug  candidates for therapy based on the inhibition of SS. M embers of the 
zaragozic acid family of natural products have been shown through in vitro
j
I and in vivo studies97 to be am ong the most potent inhibitors of squalene synthetase. Chemists at Pfizer98 reported findings which were, "consistent
f w ith  inactivation of the enzym e resulting from competitive inhibition
' follow ed by mechanism-based irreversible inactivation." In other words,
zaragozic acid not only competitively binds to the enzyme, b u t also reacts 
w ith it covalently to irreversibly inactivate it.
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These exdting  lead compounds were reported independently by 
groups at M erck", Glaxo , 100 and Tokyo Noko U niversity/ Mitsubishi Kasei 
Corporation101 in 1991 and 1992. The Merck group isolated Zaragozic Acid A 
from an uncharacterized sterile fungus ATCC 20986 collected from the Jalon 
river in the Zaragoza province in Spain. The Glaxo group isolated the same 
compound from a different fungus Phoma sp. C2932 which was found in a 
soil sample in Armacao de Pera, Portugal and the Japanese group from 
another fungus Setosphaeria khartoumensis. The Merck group screened a 
wide variety of fungi from very different locations and found that 1 1  different 
fungi from the taxa Ascomycotina produce members of the zaragozic acid 
family . 102 Remarkably, the fungi which excrete these compounds are found 
in locations ranging from giraffe dung in Kenya (Zaragozic a d d  B) to wood 
chips in New Jersey USA (Zaragozic acid C) to lichen in New Mexico






HO C0 2H 
246
Figure 5: Zaragozic Acid A
The potent biological activity of these natural products in conjunction 
with their complex structure is responsible for attracting the attention of the 
synthetic community. While the naturally occurring members of this family 
differ in the composition of the lipophilic side chains or "arms" at C l and C6 , 
the 2,8-dioxobicylo[3.2.1]octane-3,4,5-tricarboxylic ad d  "core" 246 (Figure 5) is
77
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characteristic of all. It is the complexity of this highly oxidized core which 
contains six stereocenters, three of which are quaternary, that has attracted 
num erous synthetic approaches.
In order to understand the potential benefit that an oxonium ylide 
m ediated approach offers for the preparation of the zaragozic add  core, a brief 
review which describes the elegant work which has resulted in synthetic 
routes to these compounds will be offered.
B. Known Synthesis of the Zaragozic Acid Core
An impressive amount of attention has been paid to the complex 
synthetic target offered by the zaragozic adds. In addition to numerous model 
systems, the literature includes four total synthesis reports from the groups of 
Evans, Nicolaou, Heathcock, and Carreira. Each of the synthetic approaches 
relies on a late-stage cyclization to form the bicydic core by an intramolecular 
ketalization reaction.
The highly oxidized core of zaragozic a d d  is composed of nearly 60% 
oxygen by mass, this number compares well w ith glucose (53%) and for this 
reason, several of the synthetic efforts approached this target with methods 
developed for carbohydrate synthesis.103 For example, Heathcock104 reported 
m odel studies of the ketal-forming cyclization reaction in which the 
preparation of the polyhydroxylated cyclization precursor 248 was 
accomplished in twenty steps from D-galactose 247 (Scheme 85). Heathcock 
found that removal of the acetonide protecting group under acidic conditions 
resulted its clean conversion to the dioxobicyclo[3.2.1]octane structure 249.
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Scheme 85: Cyclization Reported by Heathcock
Evans105 recognized the aldol disconnections within the zaragozic acid 
core and initiated the synthesis of zaragozic acid C with an Evan's aldol 
reaction .106 A lengthy series of reactions led to the lactol precursor 250 
(Scheme 8 6 ). The cyclization of this com pound occurred during removal of 
the ketal protecting group in a trifluoroacetic add /m ethy lene chloride/w ater 
mixture. The functionalized bicydic core 251 was isolated as a single 
diastereomer in a yield of 52% after the tert-butyl esters were reintroduced to 
the crude cyclization mixture with DITBI 252.107
tBuO,c ? B" o t b s  d c h 2ci2/ t f a / h 2o  
L ^  20/10/1
.OH ___________________
tBuC^C C02tBu 2) 252, CH2C12, 52%
250








HO C 02tBu 
251
Scheme 8 6 : Evan's Cyclization Reaction
Nicolaou and coworkers108 relied on a similar acid-mediated 
cydization of an advanced sugar derivative in their approach to zaragozic acid
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A. The synthesis of the cydization precursor 253 was highlighted by 
application of Nicolaou's dithiane chemistry. Treatment of 253 w ith 2% HC1 
resulted in its conversion to the desired core as a single isom er in 56% yield 
(Scheme 87).
BnO,C C 02Bn
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Scheme 87: Nicolaou's Cydization Reaction
A particularly elegant synthesis of zaragozic ad d  C was reported by 
Carreira and coworkers . 109 A modified catalytic dihydroxylation110 of the 
allylic alcohol 255 resulted in the polyhydroxylated compounds 256 and 257 as 
a 1.7:1 mixture of diastereomers (Scheme 8 8 ). The linear keto-diols were 
cydized in addic methanol. Protection of the primary hydroxyl groups
255






257 OBn OH O
Scheme 8 8 : Preparation of Cydization Precursor by Carriera
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provided a mixture of diastereomers in an 8 6 % yield for the two steps. The 
desired diastereomer 259 was isolated by chromatography (Scheme 89). The 
dioxabicydo[3.2.1]octane core of zaragozic acid 260 was prepared from 
commercially available starting materials in 13 steps.
1) H d/M eO H  BnQ #OTBS BnQ pTBS
256 23 °C
+
257 2) TBSC1, Et3N,
DMAP (86%)
Scheme 89: Cydization Reaction Reported by Carreira
Nearly all synthetic approaches to the zaragozic acids involve 
ketalization reactions to form the dioxabicyclo[3.2.1]octane core, however 
there are exceptions. One innovative approach, reported by Koyama111 and 
coworkers at Merck, is of particular relevance to this study as it involves the 
intermediacy of an oxonium ylide. By employing the tandem cyclization- 
cydoaddition reaction method developed in recent years by Padwa and co­
workers , 112 Koyama et al were able to assemble a bicyclo[3.2.1] core from 
simple starting materials in a single step. The strategy involved 
intramolecular exposure of a carbenoid to a carbonyl oxygen in the presence 
of a dipolarophile such as a vinyl ether (Scheme 90). The presum ed carbonyl 
ylide intermediate was trapped by the dipolarophile resulting in bicyclic 
products.
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263: X = CH2 R = TMS 66% 
264: X = 0  R = TMS 16%
Scheme 90: Tandem Carbonyl Ylide Formation/Cycloaddition
Good yields of bicyclic products were obtained when the diazo- 
ketoesters derived from levulinic a d d  (X = CH2 ) w ere studied, however when 
the chemistry w as extended to compounds in which X = O, the yield of the 
corresponding dioxabicydo[3.2.1]octane core 264 were quite poor. While this 
approach may not be effective for the preparation of dioxobicyclo[3.2.1]octane 
analogs of zaragozic add , it certainly represents a novel route to carbocyclic 
systems which m ay be useful in their own right.
C  Application of Oxonium Ylides to the Zaragozic Acid Core
The data gathered from the initial investigation of the levulinate 
derived diazoketals provided evidence that six-membered ring oxonium 
ylide formation with ketals is a facile process. However, the chemistry of 
ylide rearrangem ent was greatly dependent upon the substrate structure. 
Spedfically, the presence of stabilizing groups at C4 and C5 positions of the 
dioxolane resulted in the conversion of diazo com pounds 174,184, and 188 to 
the corresponding 2,9-dioxabicyclo[3.3.1]nonane skeletons 179,185, and 189 via 
an previously undocum ented exocyclic 1,2-shift pathw ay. The homologous
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2,8-dioxabicydo[3.2.1]octane skeleton 268 (Figure 6 ) is found at the core of the 
zaragozic acid family of natural products.
It was hypothesized that the exocydic shifts observed in the 
rearrangem ent of six-membered ring oxonium ylides represented a general
This hypothesis suggested that diazo compound 269 is an attractive 
disconnection for the dioxabicydo[3.2.1]octane core 268 found in zaragozic ad d  
(Scheme 91). Exposure of a diazocarbonyl substrate, which contains an
appropriately substituted dioxolane, such as 269 to catalytic Cu(II) or Rh(EI) 
should result in a bicyclic product possessing many of the synthetic handles 
required for further elaboration toward zaragozic acid. The m ost obvious of 
these being the vinyl substituents at the C3 and C4 position which mask 
potential carboxylate functionality and the ketone at C6  which m ight provide 
access to the C6/C7-trans-diol found in the natural products.
1. Substrate Structure and Rearrangem ent Selectivity
The proposed disconnective strategy for the formation of the zaragozic 
acid core (Scheme 91) required generation of a bicyclo[3.3.0]octane oxonium 
ylide (Figure 6 ), and an exocydic 1,2-shift of an allyl group. The dioxolanes
trend for the reactivity of ylides prepared from functionalized dioxolanes.
Zaragozic Acid
I Scheme 91: Retrosynthetic Analysis of Zaragozic Acid
83
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previously discussed (Schemes 54-71) illustrated that bicydo[4.3.0]nonane 
oxonium ylides undergo competitive reactions. The formation of ring-fused 
products was not efficient for these substrates and exocydic 1 ,2 -shifts were 
promoted by stabilizing groups on the dioxolanes. The dioxolane reported by 
Roskamp and Johnson (Scheme 29), provided evidence that the desired 
bicydo[3.3.0]octane oxonium ylide may be effidently formed, however that 
ylide efficiently underw ent an endocydic 1 ,2 -shift and generated a ring-fused 
product. It was undear whether the fadle endocydic shift observed for the 
bicydo[3.3.0]octane oxonium ylide would overwhelm the desired exocydic 
shift which was expected to be prom oted by the dioxolane vinyl substituent.
n + r - \  +
" O '  O ’
I bicyclo[3.3.0]octane bicyclo[4.3.0]nonane
|  oxonium ylide oxonium ylide
jj Figure 6 : Bicyclic Oxonium Ylides
j In addition to the endocydic 1,2-shift and (3-elimination reaction pathways
»
I available for the proposed oxonium ylide, the vinyl substituent in 269P
|  provides a 2,3-sigmatropic rearrangement pathway. Since the factors which
I influence the rearrangem ents of oxonium ylides are subtle, the preparation of
|  a model substrate was undertaken to determine how  the newly developed
| methodology might be best applied to the zaragozic acid core.
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r2 . Preparation of Acetoacetate Based Diazo Compounds
Diazo compound 273 was prepared in order to evaluate the 
applicability of exocydic 1 ,2 -shifts to the preparation of dioxabicydo-
[3.2.1]octane structures. The preparation of diazo compound 273 was initiated 
through exposure of methyl acetoacetate 270 to a benzene solution of 1,5- 
hexadiene-3,4-diols, catalytic p-toluenesulfonic acid, and trimethyl- 
orthoform ate (Scheme 92).
b,c
o
h3CA /C ° 2ch3 — !-----   H°X?^co2CH3  .
270 271
^ • ^ A o C H ,  -----------     HJ2><^ \ A"OCH3
272 273 N2
I
£ a) mix of d,l-and meso-diols, (CH30 )3CH, p-TsOH, (separate cU-isomer by
I chromatography), 40%; b) i) KOH/CH3OH; ii) H30 +, 95%; c) i) carbonyl diimidazole,
|  ii) Mg2+(0 2CCH2C02CH3)2, 74%; d) p-carboxybenzenesulfonazide, Et3N, 95%.
Scheme 92: Synthesis of Divinyl Dioxolane Diazo Compound 273
The reaction resulted in a mixture of diastereomeric ketals which were 
separable by careful chromatography on silica. The dioxolane which was 
derived from the d,/-diol 271 was saponified w ith 2 M KOH in methanol, and 
carefully addified. The carboxylic ad d  was converted to the p-ketoester 272 
according to the procedure of Masamune in 74% yield. Diazo transfer with p- 
carboxybenzenesulfonazide and triethylamine in acetonitrile provided diazo 
com pound 273 in a 95% yield.
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Exposure of diazoketal 273 to Cu(hfacac) 2  in benzene at 80 °C for 4 
hours resulted in its clean conversion to a mixture of two inseparable 
products 274 and 276 (~2:1 by G.C. analysis). Slow chrom atography on silica 
degraded the minor component and provided the desired dioxabicyclo-
[3.2.1]octane core 274 as a single diastereomer in 42% yield (Scheme 93).
Scheme 93: Reactivity of Divinyl Dioxolane Diazo Com pound 273
The spectral markers employed for structural identification of the 
exocydic 1,2 -shift products in the levulinic a d d  series were observed in the 
13C and !H-NMR spectra of compound 274. The continued presence of a ketal 
was suggested by a 13C resonance at 102 ppm, while the distinct resonance of
protons. In contrast to the bicyclo[3.3.1] nonane compounds which were 
thought to exist in a twist-boat conformation, this coupling was suggestive of 
a diaxial cyclohexane derivative in a chair conformation. The structure of 
this compound was consistent with the reactivity model proposed for the
followed by exocydic shift w ith retention of configuration at the migrating 
group.
Cu(hfacacl




the C4  methine proton was observed at 2.5 ppm. Selective decoupling 
experiments indicated a 3jH H  coupling constants of 5.5 H z for the methine
levulinate series; ylide formation at the least sterically hindered oxygen is
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Although the m inor reaction product was unstable when exposed to 
the mild acidic conditions of chromatography on silica, the mixture of the 
two products, 274 and 276 was analyzed by ^H-NMR and the connectivity of 
the add-sensitive component 276 was found to be consistent with a 2,3- 
sigmatropic rearrangem ent (Scheme 94). The cis-orientation of the internal 
olefin was assigned on the basis of a 10.2 Hz coupling constant. Although the 
stereochemistry of the vinyl substituent has not been determ ined, an 
attractive model for the reaction involves ylide form ation w ith the more 
sterically hindered oxygen and 2,3-sigmatropic rearrangem ent to provide 276.
It is not dear why the 2,3-shift rearrangem ent pathw ay was observed 
from the bicyclo[3.3.0] ylide and absent with the bicyclo[4.3.0] ylides, although 
interaction of the metal ion w ith the olefins in 275 m ust be considered.
E. cis-Disubstituted Dioxolanes
In the process of optim izing this new m ethod for the preparation 
dioxabicydo[3.2.1]octane molecules, the synthesis of the meso-derived 
diazoketals 279 were completed (Scheme 95). It was thought that a similar 
exocydic 1,2-shift of ylides generated from 279 m ight result in diastereomeric 
products which m ight be more readily advanced to the fully oxidized core of
Cu(hfacac)-
273 275
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zaragozic acid. The preparation of 279 was completed by application of the 
same synthetic sequence utilized for 273. Chromatographic separation of a 
mixture of the meso-derived dioxolanes 277 from the d,/-derived
270 277
H32 > C V o c H 3
' •  b o  o
278 279 N2
a) mix of d,l-and meso-diols, (CH30 ) 3CH, p-TsOH, (remove d,I-isomer by 
chromatography); b) i) KOH/CH3OH; ii) H30 +; c) i) carbonyl diimidazole, 
ii) Mg2+(02CCH2C 0 2CH3)2; d) p-carboxybenzenesulfonazide, Et3N.
Scheme 95: Synthesis of meso-Derived Diazo Com pounds 279
dioxolane was possible at the methyl ester stage. The purified mixture of 
meso-derived methyl esters was subjected to saponification, acylation, and to 
diazo-transfer. The mixture of diastereomeric diazoketals 279 was prepared in 
4 steps in good overall yield from the methyl ester. Separation of the two 
meso-compounds was inefficient, and the structures could not be 
distinguished. In m ost studies this would be of great concern, however, it is 
possible that the ylides generated from the two meso compounds 279 could be 
interconverted (Scheme 96). If an oxonium ylide such as 280a was capable of
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r p o °  o  
h ° * „ A ^ och :
279a N2
catalyst
o ^ 0 ^ c o 2c h 3




o  °  o
H3C::;<^ 1Y ^ 0 C H 3
279b N2
catalyst
c o 2c h 3
280b
Scheme 96: Proposed Interconversion Oxonium Ylides 280a and 280b
fragmentation to the zwitterionic eight-membered ring 281, a conformational 
change could interconvert the diastereomeric ylides 280a and 280b. For this 
reason the diazo compounds were not separated and were exposed to the 
Cu(H) catalyst as a mixture.
Exposure of the meso-diazo compunds to Cu(hfacac)2  resulted in a 
complex reaction mixture which contained four major products in 
approximately equal ratio as determined by gas chromatography. Although 
the individual components of this mixture were not able to be separated, 
chromatography on silica resulted in two binary mixtures (Scheme 97).
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80 °C, 4 hr
c o 2c h 3
h 3c o 2c
c o 2c h 3
h3c " U o
276 283
Scheme 97: Reactivity of meso-Divinyl Dioxolane Diazoketal 279
The more polar sam ple contained two products which were immediately 
identified as 2,8-dioxabicyclo[3.2.1]octane 274 and the 2,3-shift product 276 . 
This result was surprising because in order for a cis-l,2-disubstituted 
dioxolane to produce the fraws-substituted product 274, inversion of 
stereochemistry at the migrating carbon m ust have occurred. This inversion 
of stereochemistry had not been observed in any of the other exocydic 1 ,2 - 
shifts of oxonium ylides. This conversion involved either ylide formation 
followed by exocydic 1 ,2 -shift with inversion of configuration at the 
migrating carbon or the intermediacy of a planar allyl cation 284 in a stepwise 
ring fragm entation/ring closure process (Scheme 98).
6  . ° y 'C o2c h 3 —  o £ > y ^ c o 2CH3









Scheme 98: Proposed Mechanism for 1,2-Shift "With Inversion"
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The less polar chrom atographic sample also contained two 
components. Although the two compounds were not separable by 
chromatography, degradation of one of these com pounds on silica allowed 
the isolation of a new  exocydic 1,2-shift product 282. The overlap of signals in 
the lH  NMR spectrum  of this m ixture complicated its analysis, however, 
selective decoupling experiments established that the pro ton  spin system  of 
the add-sensitive com ponent was consistent with a 23-shift product 283.
The stereochemical assignm ent of the new 2,8-dioxobicydo[3.2.1]octane 
product 282 was based on the results of NMR experiments. The coupling 
constant between the C3 and C4 methine protons was determ ined by selective 
decoupling experiments. The 5.6 Hz coupling constant indicated that a 
diequatorial orientation of the two vinyl groups was unlikely since a larger 
• value would be expected for the antiperiplanar m ethine protons. In order to
i
I differentiate between the two possible syn-diastereomeric configurations,
|  NOE difference experiments were performed at the University of N otre Dame
i by Prof. Richard Taylor. Close contacts were indicated betw een one of the C7 methylene protons and the C3 + C4 vinyl groups as well as between the C3
i methine and the m ethyl group at C l. This latter contact w as confirmed in a
£
. 2D-NOESY spectrum. The combined NMR data strongly suggested the
? assignment of structure 282.
An attem pt to prepare a semicarbazone derivative of com pound 282 
; with semicarbazide hydrochloride in buffered aqueous ethanol was
unsuccessful even though TLC analysis indicated that the starting m aterial 
had been consumed. These identical conditions for sem icarbazone formation 
had been successfully applied to the derivatization of both the 2,9- 
dioxabicydo[3.3.1]nonane 179 and the ring-fused com pound 225. The 
dioxabicylo[3.2.1]octane compounds appear to be less stable to hydrolytic
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conditions than the other ring system, so hydrolysis of the bicyclic core of 282 
may have been responsible for the problems encountered with derivative 
form ation.
It was proposed that the elevated reaction temperatures required for 
Cu(II)-catalyzed decomposition of a-diazo-P-ketoesters might have promoted 
the competitive formation of 2,3-shift products. The rhodium  acetate dimer 
was exam ined as an alternative to copper because it is capable of diazo 
decom position at room temperature. W hile this catalyst was not particularly 
efficient in prom oting the chemistry of the analogous 6 -membered ring 
ylides, 5-membered ring ylide formation with rhodium carbenoids is well 
known. Diazo compound 273, upon exposure to Rh2 (OAc)4  in benzene at 
room tem perature for 1 2  hours, was cleanly converted to 2 ,8 - 
bicyclo[3.2.1]octane 274 in 64% yield (Scheme 99). The absence of any 
observable 2,3-shift products in the reaction mixture suggested that 
interaction of the olefin with the copper ion may be involved in the 
form ation of 2,3-shift products 276 and 283. The more
Rh2(OAc)4 f-^CQjC
H3C '
273 rt- 12 hr 274
64%
Scheme 99: Reactivity of Divinyl Dioxolane 273 with Rh2 (OAc)4
electron-deficient rhodium  trifluoroacetate dimer was also examined for this 
compound. The formation of 274 was clean and efficient (62%). The reaction 
proceeded much more rapidly with Rh2 (tfa) 4  than with rhodium  acetate and
92
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the reaction was complete within one hour. The beneficial aspects of this 
catalyst were offset by the rhodium  trifluoroacetate dimer's mobility on silica 
which complicated the purification of the bicyclic product.
Although the electrophilic copper carbenoids greatly improved 
selectivity for six-membered oxonium ylide formation, rhodium  carbenoids 
formed five-membered ring ylides efficiently and were productive at much 
lower temperatures. The enhanced chemoselectivity observed with rhodium  
catalysis may be due only to this temperature difference, however, it is not 
clear if the 2,3-shift product observed with copper catalysis was formed 
through a mechanism which involved initial coordination of the olefin by 
the carbenoid. The application of rhodium catalysts to the decomposition of 
diazoketal 273 resulted in a superior yield of the 2,8-dioxobicyclo[3.2.1]octane 
core 274. It appears that this reaction can serve as an attractive vehicle for the 
rapid assembly of analogs of the zaragozic acid family of products.
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Part III. Chain Extension Chemistry
A. Introduction
The initial attem pt at the preparation of dicyclopropyl diazoketal 188 
(Scheme 100) was centered around a surplus of the divinyl dioxolane p- 
ketoester 177. It was thought that this com pound might be readily 
cydopropanated with the Furakawa-modified Simmons-Smith reagent . 79
177 O O188
Scheme 100: Retrosynthetic Analysis of Dicyclopropyl Dioxolane 188
Effident diazo-transfer was expected to provide the desired substrate in two 
steps. The divinyl dioxolane P-ketoester 177 was treated with a large excess of 
a 1 :1  mixture of diethyl zinc and methylene iodide and allowed to stir 
overnight (Scheme 101). The reaction was m onitored by TLC until the 




177 0  0  285 0
Scheme 101: Cyclopropanation and Homologation of Com pound 177
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chrom atography on silica. From the NMR data it was immediately apparent 
that in addition to the cyclopropanation of both olefins, the insertion of a 
single methylene unit had occurred between the carbonyl groups. The 
unoptim ized yield for this process was 40%.
This chain extension of (3-ketoesters to the corresponding y-ketoesters 
was remarkable, since a one-pot hom ologation reaction had never been 
reported in the literature. In order to test the general applicability of this new 
reaction, methyl acetoacetate 270 was subjected to an excess of the zinc 
carbenoid (Scheme 1 0 2 ). The reaction was monitored by G.C. and compared 
to authentic samples of starting material and the anticipated chain
provided methyl levulinate in 30 m inutes as the only detectable product. The 
isolated yield of 81% apparently represents the efficiency of chromatographic 
purification at the 1 mmol scale.
6. Discussion
The preparation of y-ketoesters has been the goal of m any research 
efforts . 113 Although m ethods have been reported in which the ketone and 
ester functionalities are brought together from different sources, 114 y-ketoester 







Scheme 102: Chain Extension of Methyl Acetoacetate 270
extended product, m ethyl levulinate 175. This remarkably clean reaction
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extension methods are particularly relevant to this study; 1 ) the addition of 
carbenoids to protected enol ethers which was studied by Saigo115 and 
Reissig116 and 2) the radical-based methodology developed by Dowd and 
cow orkers . 117 In addition to the mechanistic insight directly related to this 
study, a brief review of these two methods will illustrate advantages provided 
by the zinc carbenoid protocol.
Saigo and coworkers reported a m ethod for the chain extension of P- 
ketoesters which involved exposure of a preformed TMS-enol ether to a 
carbenoid (Scheme 103). The resulting TMS-protected cyclopropyl alcohol 
was subsequently fragmented in a separate step by treatment with aqueous 
HC1 or fluoride ion. In a representative example, ethyl benzoylacetate 286 was 
treated w ith sodium hydride followed by trimethylsilyl chloride to provide a 
m ixture of TMS enol ethers 287 in 82% yield after purification.
O O 1) NaH TMSO O EDA TMs o  O
^  2) TMSC1 ^  CuS04 OEt
286 84% 287 78% EtC^C 288
Scheme 103: Preparation of TMS-Cyclopropanol by Saigo
Exposure of this compound to ethyl diazoacetate with catalytic copper 
sulfate resulted in the TMS protected cyclopropanol dicarboxylate 288 in 78%
TMSO O 2M HC1 O
’   Et2°  J k  ^  .OEtP h ^ jX ^ O E t  -------------------  Ph
r 84% C'EtO,C Et0 2C- o
^  289 290
Scheme 104: Fragmentation of Saigo's Cyclopropanol 
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yield. This intermediate was fragmented in a third step by treatm ent with 2M 
HC1 to provide the y-ketoester 290 in 84% (Scheme 104).
In a more recent study, Saigo reported the exposure of a TMS enol 
ether to the zinc-carbenoid prepared by the reaction of methylene iodide with 
a zinc-copper couple (Scheme 105). When the reaction was complete, 
saponification of the esters was followed by acidification and identification of 
the resulting carboxylic adds 291 and 292. Surprisingly, the expected product,
4-oxobenzenebutanoic acid, was not isolated. The reaction products, 5- 
oxobenzenepentanoic a d d  291 and 3-methyl-4-oxo-benzenebutanoic add  292, 
were the result of two methylene groups being added to the starting material. 
Com pound 287 was proposed to have isomerized into the ketene acetal 293 
by a silatropic process, fadlitated by zinc iodide (Scheme 106). 
Cydopropanation of 293 by the first Simmons-Smith reaction was followed by 
rearrangem ent of the resulting cyclopropyl acetal 294 to a new  silyl enol ether 
295. Methylenation of 295 resulted in formation of a second protected 
cydopropyl alcohol 296 which was thought to be the imm ediate precursor of 








Scheme 105: Exposure of TMS Enol Ethers to Zinc Carbenoids
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TMSO O Znl2 _  0  OTMS CH2I2 O OTMS
P h ^ ^ A o E t  P h A A OEt Zn-Cu P h A < J - 0 Et
287 293 294
Ph — - £52
OTMS Zn-Cu OTMS
295 296
Scheme 106: Mechanism Suggested by Saigo
Saigo's work w ith TMS enol ethers suggests one mechanistic 
explanation for the zinc carbenoid mediated chain extension of (3-ketoesters 
177 and 270. Cyclopropanation of an enol or zinc enolate 297 would result in 
£ a cydopropyl alcohol or alcoxide 298 (Scheme 107). The cyclopropanol would
i
3 be expected to fragment directly to the y-ketoester 175 in a manner similar to
7
ji the reactions observed by Saigo.




Scheme 107: Possible Mechanism for Chain Extension by Zinc Carbenoids
The intermediacy of a chelated zinc enolate in this mechanism is an 
attractive possibility. The moderately stable cyclopropanating reagent
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ethyliodomethylzinc is formed from stoichiometric mixtures of diethyl zinc 
and m ethylene iodide and has been reported to act as a base in other similar 
reactions . 118 However, the less basic bis-iodomethylzinc, prepared from a 1:2 
stoichiom etry of Et2 Zn and CH 2 I2  also appears to promote this m ethylene 
insertion reaction. The observation that chain extension reaction is equally 
efficient w ith carbenoids prepared w ith either stoichiometric methylene 
iodide or excess methylene iodide suggests enolate formation m ay not be 
required for product formation. A lthough the direct cyclopropanation of the 
enol or enolate represents an attractive mechanism for the chain extension 
reaction, the radical chemistry developed by Dowd suggests an interesting 
a lternative mechanism.
D ow d and Choi developed a unique radical-based ring expansion 
m ethod which effects the insertion of a single methylene group between the 
carbonyls of a-subs ti tu ted-(3-ke toes ter s . Alkylation of methyl 2- 
cyclopentanone carboxylate 299 by its sequential treatment w ith one 
equivalent of sodium hydride and m ethylene brom ide provided 300 in 67% 
yield (Scheme 108). Treatment of 300 w ith tributyltin hydride and a radical
! n »NaH 9  BuSnH
■ / k ^ C 0 2CH3 ---------------- A ^ C 0 2CH3  I____
I V J  2) CH2Br2 AIBN





Scheme 108: Radical Based Ring Expansion of Dowd
initiator resulted in its clean conversion to methyl 3-cyclohexanone 
carboxylate 301 in 75% yield. This reaction was thought to proceed by the 
initial generation of a primary radical 302 which adds to the adjacent ketone
99
9
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
(Scheme 109). Fragmentation of the cyclopropanoxide radical 303 and a 
tributyltin hydride quench provides the y-ke toes ter 301.
Scheme 109: Mechanism for Dowd's Ring Expansion Reaction
Dowd's chemistry suggested another possible mechanism for the zinc 
carbenoid-mediated chain extension (Scheme 1 1 0 ). This mechanism, 
essentially the stepwise addition of a carbene, involves the initial formation 
of a zinc enolate followed by alkylation by the ethyliodomethylzinc reagent to 
generate the reactive zinc stabilized anion 305. C ydization of the alkyl-zinc
zinc cydopropanoxide 298 will provide an isomeric ester enolate which can be 
quenched upon aqueous workup. The application of the chain extension
O






I Scheme 110: Alternative Mechanism for the Chain Extension Reaction
spedes into the neighboring ketone and fragmentation of the resulting the
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reaction to a series of cyclic (3-dicarbonyl substrates and the isolation of 
methyl-substituted products is consistent w ith this mechanistic proposal.
C  Scope of the Zinc Carbenoid Chain Extension
1. P-Ketoesters
A series of known P-ketoesters was assembled and exposed to the chain 
extending conditions. Compounds 306 - 308 were commercially available and 
possessed variable degrees of branching (Scheme 111). The observation that 
all were cleanly transformed into their corresponding y-ketoesters suggested 
that the chain extension reaction was not sensitive to increased steric 
interaction about the P-ketoester functional group.




O O Et2Zn/CH2I2 O
308 311
Scheme 111: Investigation of Steric Demand
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Substrates 218, 314, and 317 were choosen to dem onstrate the utility of 
the chain extension reaction in the presence of aromatic functionality. W hen 
commercially available ethyl benzoylacetate 218 was treated with the zinc 
carbenoid and the crude reaction mixture analyzed by 1H-NMR, the only 
detectable product was ethyl 4-oxobenzenebutanoate 312 (Scheme 112).
C om pound 314, which contains an isolated phenyl group, was prepared from 
hydrocinnim aldehyde 313 by application of the procedure of Roskamp119 in 
excellent yield (Scheme 113). This substrate was chain extended by the zinc 
carbenoid in 71% yield.
Scheme 113: Chain Extension of Ethyl-2-oxo-5-phenylpentanoate 314
The potential for cyclopropanation was expected to complicate efforts to 
chain extend P-ketoesters which contained olefins. The p-ketoesters 317 and 
320 were prepared from tra ns-cinnamic a d d  316 and 4-pentenoic add  319 by 




Scheme 112: Chain Extension of Ethyl Benzoylacetate 218
EDA/SnCl,
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9 1) CDI/THF ?  9 CH2CI2 9
OH 2)Mg(OMM)2 f  0 0 1 3  05  hr, 74% [|
T H F ' 5 0 %
OEt
Scheme 114: Synthesis and Extension of Olefin Substrates 317 and 320
The chain extension reaction was more rapid than cyclopropanation of 
even the electron-rich olefin of 320 or cyclopropanation of the electron-poor 
I olefin of 317. The rapid reactions were monitored by TLC and quenched upon
* the consum ption of the starting materials. No competitive cyclopropanation
I
? was observed for either 317 or 320.fi
4
N ot all olefin containing compounds reacted cleanly (Scheme 115).i
! The addition of a zinc carbenoid to 322 resulted in a complex
Et2Zn/CH2I2 
?l ?  CH2Q2 ^
  — 7 v
322 323
Scheme 115: Attempted Extension of Allyl Acetoacetate 322
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mixture. W hether the complexity of this reaction was due to competitive 
cyclopropanation and decomposition or ester enolate Claisen rearrangement 
is unclear.
The regioselectivity of the methylene insertion was tested on ethyl 2- 
methylacetoacetate (Scheme 116). Isolation of ethyl 2-methyl levulinate 325 
as the only product indicated that the methylene group is selectively 
incorporated next to the ketone group. This regioselectivity is consistent with 
the results of the previous investigations by Dowd.
O O Et2Zn/CH2I2 q  q j
II II ™  ^  V 3 OE.
CH 0.5 hr, 23% q3^
324 325
Scheme 116: Regioselectivity of Methylene Insertion
The low yield of product 325 revealed one limitation for this chain 
extension m ethod. Ketoesters which contain a-substitution undergo poor 
conversion to the chain-extended products. While the isolation of ethyl 3- 
cycloheptanone carboxylate 327 from the reaction of the commercially 
available ethyl 2-cyclohexanone carboxylate 326 confirmed that methylene 
insertion occurs selectively next to the ketone carbonyl, the reaction further 
illustrated the limitation imposed by a-substitution (Scheme 117).
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0.5 hr, 20% 6-COzEt
326 327
Scheme 117: Ring Expansion of Ethyl-2-cyclohexanone Carboxylate 326
The poor yields from the reactions of a-substituted ketoesters 324 and 
326 were coupled to the observation that higher molecular weight products 
were formed during these reactions. Although efficient mass recovery was 
accomplished when the reactions were subjected to aqueous workup, the 
majority of the mass was not mobile on silica unless extremely polar solvents 
were utilized i.e. 10% methanol/hexanes. A complex mixture of inseparable 
products was isolated. Gas Chromatographic-Mass Spectral analysis indicated
additional methylenation reactions were responsible for some of the 
additional products.
It is im portant to note that the limitation of this method to 
unsubstituted ketoesters is nicely complimented by the radical chemistry
developed by Dowd which requires a-substitution to prevent elimination of 
bromomethylated species.
2 . P-Diketones
Another limitation was found in an attem pt to extend this reaction to 
P-diketones. Exposure of acetylacetone 328 to an excess of the zinc carbenoid
I the presence of M+14 and M+28 molecular ions which suggested that
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resulted in no product formation even though subsequent addition of methyl 
acetoacetate 270 demonstrated that active reagent was available (Scheme 118).





Scheme 118: Attempted Extension of Acetylacetone 328
It is possible that complexation of the zinc serves to inactivate the acyclic 
diketone. It should also be noted that no starting material 328 was isolated 
from these reactions, therefore the possible conversion of acetylacetone to 
water soluble methylenated products cannot be discounted.
The reaction of 1,3-cyclohexadione (Scheme 119) with the zinc 
carbenoid was quite slow in comparison with p-ketoesters. Even after 8  hours 
of reaction time at room tem perature, TLC analysis indicated that the starting 
m aterial was present in the reaction mixture. The complex m ixture of 
products which resulted from this reaction was separated by column 
chrom atography, however, no y-diketone 331 was detected. The isolation of 
small am ounts of cydopropanols 332 and 333 suggested that the addition of a 
second, and even third methylene un it to the intermediate y-diketone 331 
was rapid.
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Scheme 119: Attempted Expansion of Cyclohexadione 330
The structure of cyclopropanol 332 was determ ined by GC/M ass 
spectral analysis and a combination of NMR experiments including DEPT-135 
and a 2-D HH-COSY experiment.120 This molecule provided the first direct 
evidence for the intermediacy of cyclopropanols in the reaction of a P- 
dicarbonyl. The low yields of chain extended products and the isolation of 
higher molecular weight products such as cyclopropanol 333 was consistent 
w ith the observations made in the reaction of substituted P-ketoester 
substrates.
In sum m ary, a simple and efficient procedure for the conversion of P* 
ketoesters to y-ke toes ter s was identified. When compared to existing 
methodologies, this one-pot method has distinct advantages in terms of 
improved yields and operational simplicity. The protocols of Saigo and 
Reissig require m ultiple steps to effect the same transform ation, furthermore, 
the use of diethylzinc is far easier than preparation of the zinc-copper couple.
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The new procedure works remarkably well for a-unsubstituted-fl-ketoesters, 
although its application to substrates with small rings or a-substitution is not 
efficient. This method, therefore, perfectly compliments the multistep 
method of Dowd which requires a-substitution for efficient chain extension. 
The intermediacy of cydopropyl alcohols or alkoxides in these processes were 
implicated by their isolation from the reaction of cyclohexadione, although 
details of their formation will require further investigation.
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Unless otherwise noted, all reactions were run in oven dried glassware 
under nitrogen atmosphere and stirred with teflon coated magnetic stir-bars.
j Solvents
j Tetrahydrofuran (THF) and diethyl ether were distilled from purple
| benzophenone ketyl prior to use. Benzene was distilled from calcium
jj. hydride prior to use. Methylene chloride (CH2CI2) was distilled from P2 O5
I prior to use. Acetonitrile (CH3 CN) was distilled from calcium hydride and
I stored over 3 A sieves. Ethyl acetate (EtOAc) was purchased from Fischer
Scientific and used without purification. Hexanes were purchased from
£ various commercial sources and distilled prior to use. Pyridine was distilled
1.
from and stored over solid potassium hydroxide. Triethvlamine (Et3 N) was 
distilled prior to use. Ethylene glycol (1,2-dihydroxyethane) and propylene
L
! glvcol (l^-propane diol) were distilled from solid K2CO3 . Methanol (CH3OH)
was distilled from anhydrous sodium sulfate and stored over 3 A sieves.
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12.1 122 123Methyl levulinate, benzene dimethanol, and m onom ethyl malonate 
were prepared according to reported procedures. Unless otherwise noted, all 
reagents were purchased from commercial suppliers and used without 
purification. p-Carboxybenzenesulfonazide is commercially available, 
however, most of the chemistry was perform ed w ith  material prepared by a 
literature procedure . 74 Caution: Although p-carboxybenzenesulfonazide has 
been reported to be far safer than tosyl azide, which has been reported to 
decompose with considerable violence, the p ruden t investigator should use 
caution whenever handling any azides. Many of the azides are impact and 
thermally sensitive, and since their decomposition involves the sudden loss 
of nitrogen gas, explosions of azides can be devastating. Diazo compounds 
are also explosion hazards; contact with metals or rough surfaces such as 
ground-glass joints should be avoided.
Catalysts
Rhodium acetate (Rh2 (OAc)4 ) vvas purchased from Aldrich Chemical Co. and 
used w ithout purification.
Rhodium trifluoroacetate (Rh2 (0 2 CCF3 )4 ) was purchased from Aldrich 
Chemical Co. and used w ithout purification.
Copper (II) bis-acetvlacetone (Cu(acac)2 ) was purchsed from Lancaster 
Chemical Co. and used w ithout purification.
CopperflD bis-hexafluoroacetvlacetone (Cu(hfacac)2 ) was obtained from 
Aldrich as the dihydrate. For anhydrous reaction conditions, this catalyst was 
dried over H 2SO4 in a vacuum desiccator (0.1 Torr) for 3 days and transferred 
in a glove bag under nitrogen atmosphere . 124
110
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
Chrom atography
Colum n chrom atography was perform ed on Baker 40 um silica gel. Unless 
otherwise noted, mixtures of ethyl acetate and hexanes were used as the 
mobile phase.
Thin Layer Chromatography (TLC) was carried out EM Science F254 glass 
plates and visualized by UV and anisaldehyde stain.
Gas Chrom atography was performed on a Hewlett Packard model 5890A 
series IIG C  with a 25 meter methyl silicone (OV-1) capillary column 
connected to a flame ionization detector.
Spectroscopy
Nuclear magnetic resonance spectroscopy was performed on a Bruker EM- 
360A instrum ent operating at 360.130 MHz for lH  nuclei and 90.55 MHz for 
nuclei. 13c spectra were also aquired at 22.5 MHz on a JEOL FX90Q 
instrum ent (See compound 332). Unless otherwise noted, all NMR 
experiments were carried out in CDCI3  solvent purchased from Cambridge 
Isotope Laboratory and stored over 3A sieves. All chemical shifts are reported 
in parts per million (ppm) downfield of tetramethylsilane (TMS) internal 
standard.
Infrared spectroscopy was performed on a Nicolet 205 Fourier Transform 
spectrometer.
Combustion analysis (CFIN) was perform ed by the University 
Instrum entation Center on a Perkin-Elmer 2400 Analyzer.
Low Resolution Mass Spectroscopy was performed by the University of New 
H am pshire Instrum entation Center on a Hewlett-Packard model 5988A
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GC/M S quadropolar spectrom eter equipped with a 25 m eter methyl silicone 
capillary column.
High Resolution Mass Spectroscopy was performed at the University of 
California Riverside Mass Spectrometry Facility.
X-Ray Crystallography was performed by Prof. Robin D. Rogers and Dr. Cary 
Bauer at Northern Illinois University.
B. Preparation of Levulinate Based a-diazo-P-ketoesters
4.5-Diethenyl-2-(2-carboxymethyl-ethyl)-2-methyl-l,3-dioxolane 176
A solution of methyl levulinate 175 (2.38 g, 18.2 mmol), l,5-hexadiene-3,4-diol 
(2.28 g, 20 mmol, =1:1 mixture of meso :dl), and trimethyl orthoform ate (2.40 
mL, 22 mmol) in dry benzene (30 mL) was charged with pTsOH (=20 mg) and 
stirred for 2 h. The mixture was diluted with Et20, washed with saturated 
N aH C 0 3 , dried over anhydrous Na2S04, and concentrated in vacuo. The 
residue was chrom atographed on silica (10% EtOAc in hexane, R/0.22) to 
yield a mixture of diastereomers (3.72 g, 90%, =1:1 mixture of trans:cis ). 
Further chromatography on silica (5% EtOAc in hexane, R/ 0.18) provided the 
desired trans isomer 176 (1.65 g, 40%) as a thick oil. NMR (360 MHz,
CDCI3 ) 8  5.84-5.72 (m, 2H), 5.39-5.22 (m, 4H), 4.13 (m, 1H), 4.02 (m, 1H), 3.7 (s, 
3H), 2.48-2.41 (m, 2H), 2.12-2.02 (m, 2H), 1.4 (s, 3H); NMR (90 MHz, CDCI3)
8173.9,134.2,133.2,119.02,118.99,109.67,82.9,82.1,51.5,34.8, 28.7, 25.4; IR 
(film) 3050-2850,1750,1450,1350 cm 'l; MS (Cl, C2 H 6 ) 227,195,171,139,131,99.
4.5-Diethenyl-2-(4-carboxymethyl-3-oxo-butyl)-2-methyl-l,3-dioxolane 177 
Ketal 176 (1.50 g, 6 .6  mmol) was treated with methanolic KOH (2 M, 30 mL) 
for 8  hours, acidified to pH  4.0 with saturated aqueous citric acid and extracted 
with diethyl ether (5 x 30 mL). The combined organic extracts were carefully
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dried over anhydrous N a2 S0 4 , concentrated in vacuo, and dissolved in THF. 
Carbonyl diimidazole (1.15 g, 7.1 mmol) was added in small portions with 
stirring and acyl imidazole formation was monitored by TLC. In a separate 
flask, monomethyl malonate (1.20 g, 10.2 mmol) was dissolved in THF (10 
mL), treated with Bu2 Mg (5.1 mL of 1.0 M in heptane, 5.1 mmol) at 0 °C and 
warmed to room tem perature with stirring. The mixtures were combined 
and stirred for 24 h, diluted with diethyl ether (20 mL), w ashed with aqueous 
N H 4 CI, N aH C03, and concentrated. The residue was chrom atographed on 
silica (20% EtOAc in hexane, Rf  0.20) to yield 177 (1.1 g, 62%). NMR (360 
MHz, CDCI3 ) 5 5.83-5.72 (m, 2H), 5.39-5.22 (m, 4H), 4.11 (m, 1H), 4.00 (m, 1H), 
3.7 (s, 3H), 3.5 (s, 2H), 2.71-2.65 (m, 2H), 2.10-2.03 (m, 2H), 1.4 (s, 3H); 13C NMR 
(90 MHz, CDCI3 ) 5 202.2,167.6,134.2,133.2,119.2,118.9,109.7,82.9,82.2,52.3,
| 48.9,37.7,33.6, 25.5; IR (film) 3000-2800,1775,1725 cm '1; MS (Cl, CH4 ) 269,




A solution of 177 (563 mg, 2.1 mmol) and Et3 N  (0.64 mL, 4.95 mmol) in 
f. CH3 CN (5 mL) was charged with 4-carboxybenzenesulfonazide (545 mg, 2.4
mmol) at room tem perature and stirred for 2.5 h. The reaction mixture was 
poured into saturated aqueous NaHC0 3  (30 mL) and extracted with diethyl 
ether (3 x 10 mL). The combined ether washes were dried over anhydrous 
Na2S04 and concentrated in vacuo. The residue was chrom atographed on 
silica (20% EtOAc in hexane, Rf 0.21) to yield 174 (598 mg, 97%) as a bright 
yellow oil. 1H  NMR (360 MHz, CDCI3 ) 5 5.88-5.72 (m, 2H), 5.39.5.21 (m, 4H), 
4.12-4.02 (m, 2H), 3.8 (s, 3H), 3.10-2.90 (m, 2H), 2.12-2.02 (m, 2H), 1.5 (s, 2H);
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NMR (90 MHz, CDCI3 ) 5 192.2,161.7,134.3,133.6,119.0,118.8,110.0,82.9,82.2,
75.7,52.1,34.9, 34.0, 25.5; IR (film) 3000-2800, 2200(s), 1750,1650 cm‘1; MS (Cl, 
NH3) 295, 279,199,154,139,124,113,99, 799,55; HRMS (MH+) Calcd for 
C14H 19N 2O5  295.1294 found 295.1283.
(±)-lS, 3S, 4S, 5S- 5-Carboxymethyl-3,4-diethenyl-l-methyl-6-oxo-2,9- 
dioxabicydo[3.3.1]nonane 179
A stirred solution of diazo compound 174 (94 mg, 0.32 mmol) in dry benzene 
was charged with Cu(hfacac)2  (=20 mg) and heated at 80 °C for 4 h. The 
reaction mixture was poured into saturated aqueous NaHC0 3  (30 mL) and 
extracted with diethyl ether (3 x 10 mL). The combined ether washes were 
dried over anhydrous Na2 SC>4 and concentrated in vacuo . The residue was 
chromatographed on silica (20% EtOAc in hexane, Rf 0.19) to yield 179 (55.3 
mg, 65%) as a pale yellow oil. NMR (360 MHz, CDCI3 ) 8 5.77-5.53 (m, 2H), 
5.17-5.06 (m, 4H), 3.89 (m, 1H), 3.64 (s, 3H), 3.40 (m, 1H), 2.63 (m, 1H), 2.49-2.41 
(m, 2H), 2.16 (m, 1H), 1.50 (s, 3H); NMR (90 MHz, CDCI3 ) 5 205.5,165.3,
134.5,132.4,120.5, 116.8,101.4, 87.1, 73.2,56.5,52.8, 37.2, 33.2, 21.3; IR(film) 
3000-2800,1750,1700 on 'l; MS (El) 266, 210,152,139,99; HRMS (El) M+ Calcd 
for C14H 1 8O5  266.1154, found 266.1159.
Semicarbazone of Compound 179 (181)
A solution of semicarbazide#HCl (111 mg, 1.0 mmol) and NaOAc (91 mg, 1.1 
mmol) in H2 O (5 mL) was added to compound 179 (223 mg, 8.4 mmol) 
dissolved in 95% EtOH (3 mL). Additional EtOH was added until the solution 
became homogeneous and the mixture was heated on a steam bath for 1 h. 
Semicarbazone 181 formed as a white precipitate upon cooling (135 mg, 49%). 
mp dec. > 225°C. Crystals suitable for X-ray analysis were obtained by slow
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crystallization from carbon tetrachloride. lH  NMR (360 MHz, CDCI3 ) 8  9.0 (s, 
1H), 6.0 (br s, 2H), 5.89-5.70 (m, 2H), 5.21-5.11 (m, 4H), 3.97 (m, 1H), 3.70 (s, 3H), 
3.30 (m, 1H), 2.87 (m, 1H), 2.29-2.12 (m, 2H), 2.02 (m, 1H), 1.51 (s, 3H);
NMR (90 MHz, CDCI3 ) 8  168.1,158.1,148.5,135.3,133.9,119.4,116.6,100 6,82.6,
73.6,56.7,52.7,34.4,22.5,19.0.
2-(2-Carboxymethyl-ethyl)-2-methyl-(traMS-4,5-diphenyl)-l,3-dioxolane 182 
A solution of methyl levulinate 175 (156 mg, 1.20 mmol), d,/-l,2-diphenyl-l ,2- 
ethane diol (242 mg, 1.13 mmol) and trimethyl orthoformate (0.15 mL, 1.4 
mmol) in dry benzene (5 mL) was charged with pTsOH (=5 mg) and stirred for 
6 h. The mixture was diluted with diethyl ether, washed with saturated 
NaHCC>3 , dried over anhydrous Na2 S0 4 , and concentrated in vacuo. The 
r residue was chromatographed on silica (5% EtOAc in hexane, Rf  0.22) to yield
J 182 as an oil (346 mg, 94%). 1H NMR (360 MHz, CDCI3 ) 8 7.40-7.21 (m, 10H),
I 4.83-4.74 (m, 2H), 3.7 (s, 3H), 2.74-2.66 (m, 2H), 2.41-2.34 (m, 2H), 1.7 (s, 3H);
I NMR (90 MHz, CDCI3 ) 8  173.7,136.8,136.0,128.4,128.3,128.2,128.1,126.7,126.5,
|  109.7,85.9, 85.0,51.5,35.1, 28.9, 25.4; IR (film) 3200,3000, 1750 cm'1; MS (Cl,
I




j Ketal 182 (60 mg, 0.18 mmol) was treated with methanolic KOH (2 M, 30 mL)
[ for 8  h, acidified to pH 4.0 with saturated aqueous citric acid and extracted
with diethyl ether (5 x 30 mL). The combined organic washings were carefully 
dried over anhydrous Na2 S0 4 , concentrated in vacuo, and dissolved in 
tetrahydrofuran. Carbonyl diimidazole (50 mg, 0.31 mmol) was added in 
small portions. In a separate flask, monomethyl malonate (128 mg, 1.10
115
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
mmol) was dissolved in THF (5 mL), treated with Bu2 Mg (1.0 M in heptane, 
0.55 mmol) at 0 °C and warmed to room temperature with stirring. The 
mixtures were combined and stirred further for 24 h, diluted with diethyl 
ether (20 mL), washed successively with aqueous NH4 CI, NaHCC>3 , and brine, 
and concentrated in vacuo. The residue was chromatographed on silica (5% 
EtOAc in hexane, R f 0.21) to yield an oil which was identified as compound
183 (51 mg, 77%). 1H  NMR (360 MHz, CDCI3) 5 7.47-7.18 (m, 10H), 4.80 (d, /  = 
14 Hz, 1H), 4.69 (d, J = 14 Hz, 1H), 3.75 (s, 3H), 3.55 (s, 2H), 2.92-2.85 (m, 2H), 
2.33-2.26 (m, 2H), 1.7 (s, 3H); 13C NMR (90 MHz, CDCI3 ) 8  202.1, 167.6,136.8,
136.0,128.6,128.5,128.3,126.8,126.6,109.8,85.9,85.2,52.4,49.0,38.0,33.9,25.5;
IR (film) 3200,1750,1700 cm"1; MS (Cl, NH3 ) 369,344, 330, 214,190,173,156; 
HRMS (Cl, NH3 ) ([M+NH4]) Calcd for C2 2 H28NO5  386.1971, found 386.1971.
2-(4-Carboxymethyl-4-diazo-3-oxo-butyl)-2-methyl-(frmis-4,5-diphenyl)-l,3- 
dioxolane 184
A solution of compound 183 (21 mg, 0.06 mmol) and Et3N  (0.03 mL, 0.36 
mmol) in CH3 CN (2 mL) was charged with 4-carboxybenzenesulfonazide (41 
mg, 0.18 mmol) at room temperature and stirred for 2.5 h. The reaction 
mixture was poured into saturated aqueous NaHCC>3 (5 mL) and extracted 
with diethyl ether (3 x 10 mL). The combined ether extracts were dried over 
anhydrous Na2 SC>4 and concentrated in vacuo. The residue was flushed 
through a plug of silica with 5% EtOAc in hexanes and concentrated to yield
184 (22 mg, 98%) as an oil. *H NMR (360 MHz, CDCI3 ) 8 7.37-7.20 (m, 10H),
4.75 (s, 2H), 3.85 (s, 3H), 3.34-3.13 (m, 2H), 2.37-3.32 (m, 2H), 1.7 (s, 3H); 13C 
NMR (90 MHz, CDCI3 ) 8  192.2,161.7,137.0,136.2,128.4,128.2,127.0,126.6,
110.1,85.9,85.3, 75.9, 52.2,35.2,34.3,25.6; IR (film) 3000,2200(s), 1750,1700,
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1500 cm^; MS (Cl, NH3 ) 395,301, 239, 220,199, 180,167,98,48; HRMS (MH+) 
Calcd for C2 2H2 3N 2 O5  395.1607, found 395.1607.
(±)-lS, 3S, 4S, 5S- 5-Carboxymethyl-l-methyl-6-oxo-3,4-diphenyl-2,9- 
dioxabicyclo[3.3.1]nonane 185
A stirred solution of diazo compound 184 (61 mg, 0.15 mmol) in dry benzene 
was charged with Cu(hfacac)2  (=5 mg) and heated at 80 °C for 4 h. The reaction 
mixture was poured into saturated aqueous NaHC0 3  (10 mL) and extracted 
with diethyl ether (3 x 10 mL). The combined ether extracts were dried over 
anhydrous Na2 S0 4  and concentrated in vacuo. The residue was 
chromatographed on silica (20% EtOAc in hexane, Rf 0.19) to yield an oil 
identified as 185 (37 mg, 65%). *H NMR (360 MHz, CDCI3 ) 5 7.34-7.07 (m,
10H), 4.82 (d, 1H, /  = 9.1 Hz), 4.28 (d, 1H, J = 9.1 Hz), 3.30 (s, 3H), 2.87 (m, 1H), 
2.70-2.60 (m, 2H), 2.37 (m, 1H), 1.75 (s, 3H); NMR (90 MHz, CDCI3 ) 5 206.4,
165.3,138.6,137.5,128.7,128.5,128.4,128.2,127.6,127.0,102.1,88.9,77.7,60.0,
52.5,37.7, 33.4, 21.6; IR (film) 3000,1750, 1700,1500 cnr*; MS (Cl, NH3 ) 367, 
260,231,202,189,121,101; HRMS (Cl, NH3 ) ([M+H]+) Calcd for C2 2H2 3 O5  
367.1545, found 367.1546.
4,5-Dicyclopropyl-2-(3-carboxymethyl ethyl)-2-methyl dioxolane 186 
A 100 mL round-bottom flask was equipped with a stir bar and charged with 
methylene chloride (40 mL) and diethyl zinc (1.0 M in hexanes, 8  mL, 8  
mmol). Methylene iodide (0.65 mL, 8  mmol) in 5 mL CH2CI2 was added 
dropwise with stirring at 0 °C. The resulting suspension was stirred for 10 
minutes and frans-4,5 diethenyl-dioxolane 176 (430 mg, 1.9 mmol) in 2 mL 
CH2CI2 was added rapidly by syringe. The mixture was stirred for 8  hours, 
quenched with saturated aqueous NH4 CI, and extracted with diethyl ether.
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The combined organic extracts were washed with brine, dried over N a2 SC>4 , 
filtered, and concentrated under reduced pressure. The crude oil was purified 
by chrom atography on silica (10% EtOAc in hexanes) and yielded 
dicydopropane 186 (177 mg, 37%). *H NMR (360 MHz, CDCI3 ) 8  3.60 (s, 3H),
3.09-2.96 (m, 2H), 3.37-3.32 (m, 2H), 2.02-1.93 (m, 2H), 1.3 (s, 3H), 0.82-0.71 (m, 
2H), 0.57-0.43 (m, 4H), 0.38-0.23 (m, 4H); 13C NMR (90 MHz, CDCI3 ) 8  173.9,
107.9,86.6,85.8,51.4,34.8,28.7,25.5,12.5,11.7,2.7,1.5.
4,5-Dicyclopropyl-2-(4-carboxymethyl-3-oxo-butyl)-2-methyl-l,3-dioxolane 187 
Ketal 186 (178 mg, 0.7 mmol) was treated with methanolic KOH (2 M, 20 mL) 
for 8  hours, addified to pH  4.0 with saturated aqueous dtric acid and extracted 
w ith diethyl ether (5 x 30 mL). The combined organic extracts w ere dried over
<; anhydrous N a2 S0 4 , concentrated in vacuo, and dissolved in THF. Carbonyl
?
|  diim idazole (162 mg, 1 .0  mmol) was added in small portions w ith stirring and
I acyl imidazole formation was monitored by TLC. In a separate flask,
|  monomethyl malonate (760 mg, 6.4 mmol) was dissolved in THF (10 mL),
lb
t treated w ith Bu2 Mg (1.0 M in heptane, 3.22 mmol) at 0 °C and w arm ed to
%
r
I room  tem perature with stirring. The mixtures were combined and stirred for
: 24 hours and concentrated at reduced pressure. The residue was diluted with
'i  diethyl ether (40 mL), washed with aqueous N H 4 CI, N aH C03, and
concentrated. The residue was chromatographed on silica (20% EtOAc in 
hexane) to yield 187 (37 mg, 18%). *H NMR (360 MHz, CDCI3 ) 8  3.75 (s, 3H), 
3.50 (s, 2H), 3.15 (t, 1H, /  = 11 Hz), 3.02 (t, 1H, /  = 11 Hz), 2.78-2.60 (m, 2H), 2.11- 
1.99 (m, 2H), 1.39 (s, 3H), 0.95-0.80 (m, 1H), 0.70-0.51 (m, 4H), 0.50-0.31 (m, 4H); 
13C NMR (90 MHz, CDCI3 ) 8  202.3,167.7,108.0,86.7, 86.1,52.3,48.8,37.8, 33.8,
25.7,12.6,11.9,2.9,2.8.
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*2-(4-Carboxymethyl-4-diazo-3-oxo-butyl)-2-methyl-(fr<ms-4,5-dicyclopropyl)- 
1,3-dioxolane 188
A solution of 187 (37 mg, 0.125 mmol) and Et3 N (-0.1 mL, 1 mmol) in 
CH3 CN (5 mL) was charged with 4-carboxybenzenesulfonazide (32 mg, 0.140 
mmol) at room tem perature and stirred for 2.5 h. The reaction mixture was 
poured into saturated aqueous NaHC0 3  (2 mL) and extracted w ith diethyl 
ether ( 3 x 5  mL). The combined ether washes were dried over anhydrous 
N a2 S0 4  and concentrated in vacuo. The residue was chrom atographed on 
silica (20% EtOAc in hexane) to yield 188 (34 mg, 83%) as a bright yellow oil. 
*H NMR (360 MHz, CDCI3 ) 5 3.75 (s, 3H), 3.15-3.02 (m, 2H), 3.08-2.69 (m, 2H),
2.10-1.95 (m, 2H), 1.35 (s, 3H), 0.89-0.70 (m, 2H), 0.65-0.45 (m, 4H), 0.42-0.25 (m, 
4H); 13C NMR (90 MHz, CDCI3 ) 5 192.4,161.8,108.3,86.6,86.0,75.2, 52.1,35.0,
34.0,25.7,12.6,12.0,2.8,1.7.
(±)-lS, 3S, 4S, 5S- 5-Carboxymethyl-l-methyI-6-oxo-3,4-dicyclopropyl-2,9- 
dioxabicyclo[3.3.1]nonane 182
A stirred solution of diazo compound 188 (34 mg, 0.106 mmol) in dry benzene 
was charged with Cu(hfacac) 2  (=5 mg) and heated at 80 °C for 4 h. The reaction 
mixture was poured into saturated aqueous NaHC0 3  (5 mL) and extracted
I with diethyl ether (3 x 10 mL). The combined ether washes w ere dried over
I
j anhydrous N a2 SC>4 and  concentrated in vacuo. The residue was
|  chromatographed on silica (20% EtOAc in hexanes) providing dicyclopropyl
' bicyclo[3.3.1]nonane 189 (19 mg, 61%) as a pale yellow solid. ^H NMR (360
MHz, CDCI3 ) 5 3.79 (s, 3H), 2.95 (t, 1H, /  = 8  Hz), 2.70-2.57 (m, 1H), 2.51-2.42 (m, 
1H), 2.29-2.21 (m, 1H), 2.20-2.12 (m, 1H), 1.46 (s, 3H), 0.95-0.80 (m, 2H), 0.65-0.20 




R ep ro d u ced  with p erm issio n  o f  th e  copyright ow n er. Further reproduction  prohibited w ithout p erm issio n .
2 -(2 -Carb oxyme thyl-e thyl)-2 -me thyl-l,3-d ioxolane 190
A solution of methyl levulinate 175 (3.48 g, 26.7 mmol), ethylene glycol (1.86 
g, 30.0 mmol), and trimethyl orthoformate (3.18 mL, 30.0 mmol) in dry 
benzene (30 mL) was charged with pTsOH (=20 mg) and stirred for 2 h. The 
mixture was diluted w ith diethyl ether, washed with saturated NaHC0 3 , 
dried over anhydrous N a 2 S0 4 , and concentrated in vacuo. The residue was 
distilled at reduced pressure to yield 190 (4.65 g, 69%), bp 60 °C, 0.5 mm, (lit bp 
103 °C, 9 mm ) ; 125 NMR (360 MHz, CDCI3 ) 5 3.91-3.82 (m, 4H), 3.62 (s, 3H),
2.38-3.32 (m, 2H), 2.01-1.95 (m, 2H), 1.25 (s, 3H); 13C NMR (90 MHz, CDCI3 ) 8
173.9,109.2,64.7,51.5,33.9,28.7, 23.9; IR (film) 3000,2900,1750,1700,1450 on-*; 




|  Ketal 190 (1.01 g, 5.9 mmol) was treated with methanolic KOH (2 M, 30 mL)
| for 8  h, acidified to pH  4.0 with saturated citric acid, and extracted with diethyl
f ether (5 x 30 mL). The combined organic extracts were carefully dried over
I
3 anhydrous N a2 S0 4 , concentrated in vacuo, and dissolved in THF. Carbonyl
; diimidazole (1.08 g, 6.7 mmol) was added in small portions with stirring. In a
I separate flask, monomethyl malonate (0.859 g, 7.3 mmol) was dissolved inr
THF (10 mL), treated with Bu2 Mg (1.0 M in heptane, 3.63 mmol) at 0 °C, and 
stirred while warming to room temperature. The mixtures were combined 
and stirred for 24 h, diluted with diethyl ether (20 mL), successively washed 
w ith saturated aqueous N H 4 CI, NaHC0 3 , and brine, and concentrated in 
vacuo. The residue was chromatographed on silica (25% EtOAc in hexane, 
0.18) to yield 191 (907 mg, 71%). ^H NMR (360 MHz, CDCI3 ) 5 3.96-3.87 (m, 
4H), 3.72 (s, 3H), 3.48 (s, 2H), 2.62-2.59 (m, 2H), 2.03-1.98 (m, 2H), 1.31 (s, 3H);
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13c NMR (90 MHz, CDCI3 ) 8  202.2,167.7,109.1,64.8,52.3,48.9,37.6,32.7,24.0; 
IR (film) 3000, 2900,1750,1700 a i r 1; MS (Cl, CH 4 ) 217,201,185,155,141,99; 
HRMS (a, CH 4 ) ([M+H]+) Calcd for C 1 0 H 1 7 O 5  217.1076, found 217.1083.
2-(4-Carboxymethyl-4-diazo-3-oxo-butyl)-2-methyl-l,3-dioxolane 192 
A solution of 191 (235 mg, 1.1 mmol) and Et3 N  (0.33 mL, 2.4 mmol) in 
CH 3 CN (5 mL) was stirred with 4-carboxybenzenesulfonazide (271 mg, 1.2 
mmol) at room tem perature for 2.5 h. The reaction mixture was poured into 
saturated aqueous NaHC0 3  (15 mL) and extracted with diethyl ether (3 x 10 
mL). The combined ether extracts were dried over anhydrous N a2 SC>4 and 
concentrated in vacuo. The residue was chromatographed on silica (25% 
EtOAc in hexane, Rf 0.21) to yield 192 (223 mg, 84%) as a bright yellow oil. lH  
NMR (360 MHz, CDCI3 ) 5 3.96 (s, 4H), 3.83 (s, 3H), 3.00-2.94 (m, 2H), 2.09-2.03
\ (m, 2H), 1.38 (s, 3H); 13c NMR (90 MHz, CDCI3 ) 8  192.3,161.8,109.3, 75.7,64.8,
>'
[ 52.1,35.0,33.0,24.1; ER (film) 3000, 2900, 2200(s), 1750,1700,1500 a n "1; MS (Cl,
c
jj C2 H 6 ) (MH+) 243,183,139,113,87.
I
a
? (±)-lS, 6S-6-Carboxymethyl-l-methyl-7-oxo-2,5-dioxabicyclo[4.3.0]nonane 197
I (optim ized ) 126
v A flame-dried round-bottom flask was equipped with a stir bar and cooled in
jf
| a glove bag under a nitrogen atmosphere. The cooled flask was charged with
| Cu(hfacac ) 2  ( —1 0  mg) and equipped with a condenser. A solution of diazo
j com pound 192 (129 mg, 0.535 mmol) in dry benzene (50 mL) was added via
syringe and heated at 80 °C for 12 h. The reaction mixture was poured into 
saturated aqueous NaHCC>3 (30 mL) and extracted with Et20 (3 x 10 mL). The 
combined ether extracts were dried over anhydrous N a2 S0 4  and concentrated 
in vacuo. The residue was chrom atographed on silica (5% EtOAc in hexane
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with 1% Et3 N, Rf 0.17) to yield 197 (57.5 mg, 50%) as a pale yellow oil.
NMR (360 MHz, CDCI3 ) 5 3.92 (m, 1H), 3.79 (s, 3H), 3.75-3.61 (m, 2H), 3.48 (m, 
1H), 2.59-2.50 (m, 2H), 2.27 (m, 1H), 2.04 (m, 1H), 1.43 (s, 3H); I3C NMR (90 
MHz, CDCI3 ) 5 212.0,166.5,87.1,77.8,62.4,59.5,53.0,34.2,32.0,17.2; IR (film) 
3000,2800,1800,1700,1550 e a c h  MS (El) 214,182,155,139,127,113,99; HRMS 
(El) (M+) Calcd for C 1 0 H 1 4 O5  214.0841, found 214.0842.
2-Carboxymethyl-3-(3-oxobutyl)-dioxene 195
A stirred solution of com pound 192 (146 mg, 0.60 mmol) in dry benzene was 
charged with Cu(hfacac) 2  (=20 mg), heated at 80 °C, and m onitored by TLC 
until the starting m aterial was consumed. The reaction m ixture was poured 
into saturated aqueous NaHCC>3 (30 mL) and extracted with diethyl ether (3 x 
10 mL). The combined ether extracts were dried over anhydrous Na2 S0 4  and 
I concentrated in vacuo to provide 128 mg of an oil. A portion (77 mg) of this
I residue was chrom atographed on silica (5% EtOAc in hexane with 1 % Et3 N,
|  Rf0.18) to yield 197 (14 mg, 18%) and the acid sensitive 196 (44 mg, 57%)
|  which isomerized quantitatively in deuterated chloroform to generate
f dioxene 195. 1H  NMR (360 MHz, CDCI3 ) 8  4.16-4.12 (m, 2H) 4.09-4.06 (m, 2H),
3.80 (s, 3H), 2.96-2.91 (m, 2H), 2.71-2.67 (m, 2H), 2.17 (s, 3H); NMR (90
a
? MHz, CDCI3 ) 8  207.2,164.0,150.0,125.5,65.2,63.2,51.8,41.1, 30.0,25.7; IR (film)?
h.
j 3000, 2800,1700,1650,1100 c a r1; MS (ED 214,183,171,155,139,99; HRMS (El)
M+ Calcd for C1 0 H 1 4 O5  214.0841, found 214.0839.
frfl«s-4f5-Diethyl-2-(4-carboxymethyl-3-oxo-butyl)-2-methyl-l,3-dioxolane 204 
A solution of 177 (225 mg, 0.86 mmol) in anhydrous m ethanol (5 mL) was 
charged with 1 0 % palladium  on carbon ( 1 0  mg), equipped with a balloon 
filled with H2  gas, and stirred for 12 h and monitored periodically by TLC.
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The reaction mixture was filtered through a plug of silica and concentrated in 
vacuo. The residue was purified by chromatography on silica (20% EtOAc in 
hexane) to yield 204 (145 mg, 64%) as an oil. 1H  NMR (360 MHz, CDCI3 ) 5 3.65 
(s, 3H), 3.53 (m, 1H), 3.41 (s, 2H), 3.38 (m, 1H), 2.69-2.52 (m, 2H), 1.95-1.90 (m, 
2H), 1.52-1.41 (m, 4H), 1.28 (s, 3H), 0.95-0.89 (m, 6 H); 13C NMR (90 MHz, 
CDCI3 ) 8  201.4,178.0,107.2,81.7,80.7,51.3,47.8,36.8,32.8,25.2,24.8,24.4,9.4,9.2; 
IR (film) 3600 (br), 3050-2800,1750,1700,1650 cm '1; MS (Cl) 273,257,173,155, 




A solution of 204 (245 mg, 0.9 mmol) and Et3 N (0.3 mL, 2.4 mmol) in CH 3 CN 
(5 mL) was charged with 4-carboxybenzenesulfonazide (273 mg, 1.2 mmol) at 
room tem perature and stirred for 2.5 h. The reaction mixture was poured into 
saturated aqueous N aH C03 (15 mL) and extracted with diethyl ether (3 x 10 
mL). The combined ether extracts were dried over anhydrous Na2 S0 4  and 
concentrated in vacuo. The residue was chromatographed on silica (20% 
EtOAc in hexane, R f 0.21) to yield 205 (229 mg, 85%) as a bright yellow oil.
! h  NMR (360 MHz, CDCI3 ) 5 3.80 (s, 3H), 3.58-3.45 (m, 2H), 3.02-2.81 (m, 2H), 
2.02-1.95 (m, 2H), 1.57-1.45 (m, 4H), 1.32 (s, 3H), 0.99-0.91 (m, 6 H); *3C NMR (90 
MHz, CDCI3 ) 5192.4,161.7,108.4,82.5,81.6,75.6,52.1,35.0,34.2,26.1,25.8, 25.5, 
10.3,10.1; IR(film) 3000-2800, 2200(s), 1750,1650 cm"1; MS (Cl, NH 3 ) 299, 289, 
273,257,245,199,189,173,155,143,99,55; HRMS (MH+) Calcd for 
C 1 4 H 2 3 N 2 O5  299.1607, found 299.1599.
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(±)-lS, 3S, 4S, 5S-5-Carboxymethyl-3,4-diethyl-l-methyl-6-oxo-2,9- 
dioxabicydo[3.3.1]nonane 206
A solution of 179 (50 mg, 0.19 mmol) in anhydrous methanol (5 mL) was 
charged with 10% palladium on carbon (=15 mg), equipped with a balloon 
filled with H 2  gas, and stirred for 12 h. The reaction mixture was filtered 
through a plug of silica and concentrated in vacuo. The residue was purified 
by chromatography on silica (20% EtOAc in hexane) to yield com pound 206 
(26 mg, 50%) as an oil. NMR (360 MHz, CDCI3 ) 8  3.78 (s, 3H), 3.33 (m, 1H), 
2.74 (m, 1H), 2.64 (m, 1H), 2.50-2.42 (m, 2H), 2.16 (m, 1H), 1.61-1.38 (m, 7H), 
0.95-0.90 (m, 6 H); 13C NMR (90 MHz, CDCI3 ) 5 206.4,166.6,101.1, 87.8, 74.3, 
52.9,51.4,37.5,33.1,28.4,21.4,20.8,11.5,10.3; IR (film) 3000,2900,1750,1725 
cm’1; MS (El) 270,215,194,185,172,141,99; HRMS (El) M+ Calcd for 
C 1 4 H 2 2 O5  270.1467, found 270.1466.
|  2-Carboxymethyl-(frans-5,6-diethyl)-3-(3-oxobutyl)-dioxene 210
i A stirred solution of compound 205 (52 mg, 0.17 mmol) in dry benzene was
|  charged with Cu(hfacac) 2  (=10 mg), heated at 80 °C, and monitored by TLC
*
? until the starting material was consumed. The reaction mixture was poured
; into saturated NaHCC>3 (10 mL) and extracted with diethyl ether (3 x 10 mL).
The combined ether extracts were dried over anhydrous N a2 SC>4 and
c
concentrated in vacuo . The residue was chrom atographed on silica (20% 
EtOAc in hexane with 1% Et3 N) to yield an acid sensitive com pound 209 (17 
mg, 36%). This compound isomerized quantitatively to dioxene 210 in 
CDCI3 . 1H  NMR (360 MHz, CDCI3 ) 5 3.80 (s, 3H), 3.68 (m, 1H), 3.56 (m, 1H), 
3.00-2.93 (m, 2H), 2.71-2.64 (m, 2H), 2.19 (s, 3H), 1.72-1.53 (m, 4H), 1.10-0.98 (m, 
6 H); 13C NMR (90 MHz, CDCI3 ) 8  207.2,164.3,148.5,123.8, 78.3, 75.7, 51.5,41.2,
29.7, 25.6, 23.9, 23.4,9.4,9.1; IR (film) 3000, 2900,1750, 1700 cm"1; MS (El) 270,
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239, 227,195,169,145; HRMS (El) M+ Calcd for Q 4 H 2 2 O5  270.1467, found 
270.1474.
2-(2-Carboxymethyl-propyl)-2-methylbenzodioxolane 2 1 1  
Ketal 2 1 1  was prepared by the reaction of methyl levulinate w ith catechol in 
the presence of catalytic pTsOH. Azeotropic removal of water with a Dean- 
Stark trap resulted in a complex m ixture which was purified by 
chrom atogaphy on silica and provided the ketal 2 1 1  in an unoptim ized yield. 
lH  NMR (360 MHz, CDCI3 ) 8  6.81-6.70 (m, 4H), 3.68 (s, 3H), 2.60-2.51 (m, 2H),
2.38-2.27 (m, 2H), 1.65 (s, 3H); NMR (90 MHz, CDCI3 ) 8  173.2,147.2,121.2, 
117.7,108.4,51.7,34.2, 27.9,24.5.
i 2-(2-CarboxymethyI-3-oxobutyl)-2-methylbenzodioxolane 2 1 2
*
|  p-ketoester 2 1 2  was prepared from ester 2 1 1  according to the procedure of
t.
[ M asamune in an unoptimized yield. ^H NMR (360 MHz, CDCI3 ) 8  6.81-6.70
\ (m, 4H), 3.70 (s, 3H), 3.48 (s, 2H), 2.8-2.71 (m, 2H), 2.38-2.24 (m, 2H), 1.65 (s, 3H);





Diazoketal 213 was prepared from the P-ketoester 2 1 2  by a diazotransfer 
reaction w ith p-carboxybenzenesulfonazide and 2  equivalents of 
triethylamine. lH  NMR (360 MHz, CDCI3 ) 8  6.89-6.68 (m, 4H), 3.75 (s, 3H),
3.10-3.02 (m, 2H), 2.38-2.30 (m, 2H), 1.68 (s, 3H); 13c NMR (90 MHz, CDCI3 ) 8
191.5,161.6,147.3,121.1,118.0,108.4,76.0,52.2,33.9,33.3,24.4.
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2-(2-Carboxymethyl-ethyl)-2-methyl-l,3-dioxane 2 2 1
A solution of m ethyl levulinate 175 (3.13 g, 24.0 mmol), 1,3-propane diol (2.28 
g, 30.0 mmol), and  trimethyl orthoformate (3.25 mL, 30.0 mmol) in dry 
benzene (50 mL) w as charged with pTsOH (=20 mg) and stirred for 12 h. The 
mixture was diluted with diethyl ether, washed w ith saturated NaHC03, 
dried over anhydrous N a2 S0 4 , and concentrated in vacuo. The residue was 
distilled at reduced pressure to yield 221 (1.9 g, 42%) of an oil. (bp 75 °C, 0.5 
mm). ! h  NMR (360 MHz, CDCI3 ) 5 3.85-3.79 (m, 4H), 3.64 (m, 3H), 2.45-2.40 
(m, 2H), 2.03-1.98 (m, 2H), 1.75 (m, 1H), 1.52 (m, 1H), 1.38 (s, 3H); 13C NMR (90 
MHz, CDCI3 ) 8  174.8,98.5,60.1,51.9,34.0,28.7, 25.7, 21.0; IR (film) 3000,2800, 
1750(br), 1450 cm '1; MS (Cl, C2 H6 ) ([M+H]+) 189,171,145,119,99,87,83.
2-(4-Carboxymethyl-3-oxo-butyl)-2-methyl-l,3-dioxane 2 2 24I
'i Ketal 221 (1.60 g, 8.5 mmol) was treated with methanolic KOH (2 M, 50 mL)
|  for 8  h, acidified to pH  4.0 with saturated aqueous citric acid and extracted
i
|  with diethyl ether (5 x 30 mL). The combined organic extracts were dried over
|  anhydrous N a2 SC>4 , concentrated in vacuo, and  dissolved in tetrahydrofuran.
1-
) Carbonyl diim idazole (1.76 g, 11 mmol) was added in small portions while the
1
solution was stirred. In a separate flask, monomethyl malonate (1.12 g, 9.5
- mmol) was stirred in THF (10 mL), treated with Bu2 Mg (1.0 M heptane, 4.75
«
r.
| mmol) at 0 °C and allowed to warm to room tem perature. The mixtures were
combined and stirred for 24 h, diluted with diethyl ether (20 mL), successively 
washed with aqueous NH 4 CI, aqueous N aH C 03, and brine, and finally 
concentrated in vacuo. The residue was chrom atographed on silica (20% 
EtOAc in hexane; Rf 0.19) to yield 2 2 2  (1.2 g, 61%). ^H NMR (360 MHz, 
acetone-D6 ) 8  3.94-3.86 (m, 2H), 3.79-3.74 (m, 2H), 3.65 (m, 3H), 3.52 (s, 2H), 
2.67-2.63 (m, 2H), 1.92-1.87 (m, 2H), 1.72 (m, 1H), 1.58 (m, 1H), 1.33 (s, 3H); 13C
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NMR (90 MHz, acetone-D6 ) 8  207.6,172.9,103.2,64.5,56.4,53.8, 41.9,38.2,30.6, 
24.9; IR (film) 3000,2800,1800, 1750 a ir* ; MS (Cl, NH 3 ) 231, 215,199,189,173, 
155,101; HRMS (a, NH 3 ) ([M+H]+) Calcd for C1 1 H 1 9 O5  231.1231, found
231.1232.
2-(4-Carboxymethyl-4-diazo-3-oxo-butyl)-2-methyl-1.3-dioxane 223 
A solution of 222 (740 mg, 3.2 mmol) and Et3 N  (1.0 mL, 7.2 mmol) in CH3 CN 
(10 mL) was charged with 4-carboxybenzenesulfonazide (953 mg, 4.2 mmol) at 
room  temperature and stirred for 2.5 h. The reaction mixture was poured 
into saturated aqueous NaHC0 3  (15 mL) and extracted with diethyl ether (3 x 
10 mL). The combined ether extracts were dried over anhydrous Na2 SC>4 and 
concentrated in vacuo. The residue was chromatographed on silica (20%
: EtOAc in hexane, Rf 0.21) to yield 223 (714 mg, 87%) as a bright yellow oil.
S lH  NMR (360 MHz, CDCI3 ) 8  3.81-3.69 (m, 7H), 2.86-2.81 (m, 2 H), 1.93-1.88 (m,
\ 2H), 1.62 (m, 1H), 1.43 (m, 1H), 1.27 (s, 3H); 13c NMR (90 MHz, CDCI3 ) 8  192.1,
1
|  161.3,98.0,75.2,59.3,51.8,34.1,32.1,25.0, 20.6; IR (film) 3000, 2900,2200(s),
I 1750, 1650,1450 c w r \  MS (Cl, NH 3 ) 257,229,216,199,117,101,94,83,64;i?
; HRMS (MH+) Calcd for C1 1 H 1 9 N 2 O5  257.1137, found 257.1135.
a
I (±)-lS, 7S-7-Carboxymethyl-l-methyl-8-oxo-2,6-dioxabicyclo[5.3.0]decane 225
| A stirred solution of compound 223 (252 mg, 0.98 mmol) in dry benzene was
t charged with Cu(hfacac) 2  (=20 mg) and heated at 80 °C for 4 h. The reaction
r
I mixture was poured into saturated aqueous NaHCC>3 (30 mL) and extracted
w ith diethyl ether (3 x 10 mL). The combined ether washes were dried over 
anhydrous Na2 S0 4  and concentrated in vacuo. The residue was 
chromatographed on silica (20% EtOAc in hexane, Rf 0.19) to yield 225 (217 
mg, 97%) as a pale yellow oil. *H NMR (360 MHz, CDCI3 ) 8  4.05 (m, 1H), 3.95-
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3.82 (m, 2H), 3.76 (s, 3H), 3.75 (m, 1H), 2.62-2.45 (m, 2H), 2.25-1.96 (m, 4H), 1.45 
(s, 3H); 13C NMR (90 MHz, CDCI3 ) 8  212.1,168.2,91.9,85.8,64.7,61.3,52.8,34.6,
34.0,32.6,19.2; IR (film) 3050,2900,1800, 1775,1750 cm"1; MS (El) 228,196,169, 
152,140,127,119,99; HRMS (El) M+ Calcd for C 1 1 H 1 6 O5  228.0998, found 
228.1007.
Semicarbazone of 225 (226)
To a solution of semicarbazide hydrochloride and NaOAc in H 2 O (5 mL) was 
added compound 225 dissolved in 95% EtOH (3 mL). Additional EtOH was 
added until the solution became homogeneous and the mixture was heated 
on a steam bath for 0.5 h. Semicarbazone 226 was formed as a white 
precipitate upon cooling. Crystals suitable for X-ray analysis were obtained by 
 ^ slow crystallization from carbon tetrachloride, mp dec. > 225 °C; *H NMR
* (360 MHz, CDCI3 ) 8  8.50 (s, 1H), 6.0 (br s, 1H), 5.2 (br s, 1H), 3.92-3.80 (m, 3H),js
I 3.70-3.61 (m, 4H), 2.58-2.40 (m, 2H), 2.10-1.89 (m, 4H), 1.30 (s, 3H); 13C NMR (908
I MHz, CDCI3 ) 8170.7,157.6,91.6,86.4,63.1,60.6,52.7,35.9,32.1,25.4,18.4.
3-(2-Carboxymethyl-ethyl)-3-methyl-l,5-dihydro-3ff-2,4-benzodioxepin 227 
A stirred solution of benzene dimethanol (1.13 g, 8.2 mmol), trimethyl 
orthoformate (1.3 mL, 12 mmol), and pTsOH (30 mg) in benzene (250 mL) was 
distilled until the volume was reduced to 50 mL at which time methyl 
levulinatel75 (1.02 g, 7.80 mmol) was added. The reaction was stirred at room 
tem perature for 1 2  h and poured into saturated NaHC03. The solution was 
extracted with ether (3 x 30 mL), dried over N a2 S0 4 , and concentrated in 
vacuo. The residue was chromatographed on silica (10% EtOAc in hexane; Rf 
0.18) to yield ketal 227 (995 mg, 51%); 1H  NMR (360 MHz, CDCI3 ) 8  7.22-7.02 
(m, 4H), 4.85 (s, 4H), 3.71 (s, 3H), 2.51-2.43 (m, 2H), 2.20-2.15 (m, 2H), 1.45 (s,
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3H); 13c NMR (90 MHz, CDCI3 ) 5 173.7,138.0,126.7,126.1,103.1,64.8,51.7, 




Ketal 227 (635 mg, 2.7 mmol) was treated with m ethanolic KOH (2 M, 30 mL) 
for 8  h, acidified to pH  4.0 with saturated aqueous d tric  ad d , and extracted 
with diethyl ether (5 x 30 mL). The combined organic extracts were carefully 
dried over anhydrous N a2 S0 4 , concentrated in vacuo, and dissolved in 
tetrahydrofuran. Carbonyl diimidazole (438 mg, 2.7 mmol) was added in 
small portions. In a separate flask, monomethyl m alonate (515 mg, 4.4 
mmol) was stirred in THF (10 mL), treated with Bu2 Mg (1.0 M in heptane, 2.2 
mmol) at 0 °C, and allowed to warm to room tem perature. The two solutions 
were combined and stirred for an additional 24 h, d ilu ted  w ith diethyl ether 
(20 mL), successively washed with aqueous NH 4 CI, aqueous NaHC 0 3 , and 
brine, and finally concentrated in vacuo. The residue was chrom atographed 
on silica (20% EtOAc in hexane; Rf 0.21) to yield 228 (543 mg, 69%). ^H NMR 
(360 MHz, CDCI3 ) 6  7.20-7.14 (m, 4H), 4.82 (s, 4H), 3.75 (s, 3H), 3.50 (s, 2H), 2.73- 
2.67 (m, 2H), 2.19-2.12 (m, 2H), 1.45 (s, 3H); NMR (90 MHz, CDCI3 ) 8  201.9,
167.6,137.9,126.7,126.1,103.1,64.7,52.2,49.1,38.2,29.9, 21.0; IR(film) 3200,2950, 
1800, 1750,1250 an~h  MS (Cl, N H 3 ) 293,283,275,261, 243,196,173; HRMS (Cl, 
N H 3 ) ([M+H]+) Calcd for C 1 6 H 2 1 O5  293.1389, found 293.1380.
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3-(4-Carboxymethyl-4-diazo-3-oxo-butyl)-3-methyl-l,5-dihydro-3H-2,4- 
benzodioxepin 229
A room tem perature solution of 228 ( 499 mg, 1.7 mmol) and Et3 N  (0.67 mL,
5.0 mmol) in CH 3 CN (10 mL) was charged with 4-carboxybenzenesulfonyl 
azide (467 mg, 2.0 mmol) and stirred for 2.5 h. The reaction mixture was 
poured into saturated aqueous NaHCC>3 (15 mL) and extracted with diethyl 
ether (3 x 10 mL). The combined ether washes were dried  over anhydrous 
N a2S04 and concentrated in vacuo. The residue was chrom atographed on 
silica (20% EtOAc in hexane, Rf 0.22) to yield 229 (492 mg, 91%). *H NMR (360 
MHz, CDCI3 ) 5 7.20-7.00 (m, 4H), 4.92-4.86 (m, 4H), 3.85 (s, 3H), 3.06-2.99 (m, 
2H), 2.22-2.18 (m, 2H), 1.49 (s, 3H); NMR (90 MHz, CDCI3 ) 5 192.0,161.6,
138.0,126.6,126.0,103.3,75.8,64.8,52.1,35.5,30.5,21.0; IR (film) 3000,2900, 
2200(s), 1750,1650 cm '1; MS (Cl, NH 3 ) 319,273,241, 219,259,199,163,119, 99; 
HRMS (MH+) Calcd for C 1 6 H 1 9 N 2 O5  319.1294, found 319.1296.
Tricyclic ring-fused com pound 231
A stirred solution of diazo compound 229 (72 mg, 0.24 mmol) in dry benzene 
was charged with Cu(hfacac) 2  (=10 mg) and heated at 80 °C for 4 h. The cooled 
reaction m ixture was charged with pTsOH (20 mg) and H 2 O (1 mL) and 
heated for 4 h. The reaction mixture was poured into saturated aqueous 
N aH C 03 (30 mL) and extracted with diethyl ether (3 x 10 mL). The combined 
ether extracts were dried over anhydrous Na2 SC>4 and concentrated in vacuo. 
The residue was chromatographed on silica (10% EtOAc in hexane, Rf 0 .2 2 ) to 
yield 231 (39 mg, 56%); *H NMR (360 MHz, CDCI3 ) 5 7.22-7.02 (m, 4H), 5.39 (d, 
1H, J = 13.9 Hz), 5.05 (d, 1H, /  = 13.5 Hz), 4.88 (d, 1H, /  = 13.5 Hz), 4.70 (d, 1H, / =
13.9 Hz), 3.78 (s, 3H), 2.64-2.50 (m, 2H), 2.26-2.20 (m, 2H), 1.55 (s, 3H); 13C NMR 
(90 MHz, CDCI3 ) 5 212.0,169.0,136.8,135.8,128.5,127.9,127.5,127.1,90.3,83.2,
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71.3,68.0,52.7,36.4,34.8,20.8; IR (film) 3000,2800,1800, 1700 cm 'l; MS (Cl, 
N H 3 ) 291,273,119,104,78; HRMS (Cl, NH 3 ) ([M+H]+) Calcd for C 1 6 H 1 9 O5
291.1232, found 291.1236.
Bridged Tricyclic Compound 232
*H NMR (360 MHz, CDCI3 ) 8  7.25-7.03 (m, 4H), 5.35 (d, 1H, /  = 15 Hz), 4.61 (d, 
1H, /  = 15 Hz), 4.1 (d, 1H, /  = 16.8 Hz), 3.85 (s, 3H), 3.2 (d, 1H, /  = 16.8 Hz), 2.1-2.2 
(m, 2H), 1.8-1.9 (m, 2H), 1.75 (s, 3H); NMR (90 MHz, CDCI3 ) 8  168.3,137.7,
133.9,130.7,127.1,126.8,126.2,109.8, 89.7, 66.9,52.9,36.8,35.5,32.1,18.4; MS (El) 
290,220,203,143,128,73,43.
C  Preparation of Levulinate Based Diazoketones 
'* 2-(3'-Diazo-2'-oxobutyl)-2-methyldioxolane 233
V,
|  Dioxolane methyl ester 190 (2.15 g, 12.4 mmol) was treated with methanolic
£
|  KOH (2 M, 20 mL) for 12 h, acidified to pH  4.0 with saturated aqueous citric
|  acid, and extracted with diethyl ether (5 x 50 mL). The combined organic
f extracts were carefully dried over anhydrous N a2 SC>4 and concentrated in
*
i vacuo. A portion of the resulting carboxylic acid (785 mg, 4.5 mmol) was
dissolved in benzene (20 mL) and treated with pyridine (0.4 mL) and oxalyl
f
| chloride (0.4 mL, 4.6 mmol) at 0 °C and stirred for 2 hours. The resulting
r
[ white precipitate was filtered and the supernatant was added directly to a two-
1
[ phase mixture of ethereal diazomethane and aqueous potassium  hydroxide.
(
A scratch-free 125 mL Erlenmeyer flask was equipped with a stir bar and 
charged with N-methyl-N-nitroso urea (927 mg, 9.0 mmol) and diethyl ether 
(100 mL) and cooled to 0°C. The reaction vessel was secured behind a sturdy 
blast shield and treated with a solution of 50% aqueous KOH (5 mL). The
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mixture was stirred for 1  hour and the crude acid chloride was added via 
pipette. After 2 hours glacial acetic acid was added drop wise until the canary- 
yellow color disappeared and the mixture was poured into saturated aqueous 
NaHCC>3 (40 mL) and extracted with diethyl ether. The organic extracts were 
dried over anhydrous N a2 S0 4  and concentrated in vacuo and the residue was 
chromatographed on silica (25% ethyl acetate in hexanes) to yield diazoketone 
233 (145 mg, 35%) as a yellow oil. 1H  NMR (360 MHz, CDCI3 ) 5 5.2 (br s, 1H),
3.9 (m, 4H), 2.4 (m, 2H), 2.0 (m, 2H), 1.3 (s, 3H); IR (film) 2100,1640 cm ' 1
2-(4'-Diazo-3'oxobutyl)-2-methyl-l,3-dioxane 235
Methyl ester 221 (440 mg, 2.3 mmol) was treated with methanolic KOH (2 M, 
20 mL) for 12 h, acidified to pH  4.0 with saturated aqueous citric acid, and 
extracted with diethyl ether (5 x 50 mL). The combined organic extracts were
carefully dried over anhydrous N a2 S0 4  and concentrated in vacuo. The
f
F resulting a d d  was dissolved in benzene (20 mL) and treated with pyridine (0.4
F mL) and oxalyl chloride (0.26 mL, 3 mmol) at 0 °C and stirred for 2 hours. The
i
f resulting white predpitate was filtered and the supernatant was added directly
• to ~10 mmol of freshly prepared ethereal diazomethane and stirred at 0 °C for
j 12 hours. The reaction mixture was washed with saturated aqueous
\
bicarbonate, dried, and concentrated in vacuo. Chrom atography of the
t
j residue on silica (35% ethyl acetate in hexanes) resulted in diazo ketone 235
f (177 mg, 39%); 1H NMR (360 MHz, CDCI3 ) 5 5.3 (br s, 1H), 3.9-3.7 (m, 4H), 2.55-
2.35 (br, 2H), 2.0 (m, 2H), 1.75 (m, 1H), 1.55 (m, 1H), 1.4 (s, 3H); 13C (90 MHz, 
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l-Methyl-2,6-dioxabicyclo[5.3.0]decan-8-one 226
A stirred solution of diazoketone 235 (36 mg, 0.18 mmol) in benzene (5 mL) 
was charged with Cu(hfacac) 2  (~1 mg) at room temperature. The reaction was 
monitored by TLC analysis until the starting material was no longer apparent. 
The reaction mixture was poured into saturated aqueous bicarbonate (10 mL) 
and extracted with diethyl ether ( 3 x 5  mL). The combined organic extracts 
were dried over anhydrous N a2 S0 4 , decanted, and concentrated in vacuo. 
Analysis of the crude reaction m ixture's NMR indicated that l-methyl-2,6- 
dioxabicydo[5.3.0]decan-8-one 236 had formed as the only product. NMR 
(360 MHz, CDCI3 ) 5 4.1-4.0 (m, 1 H), 3.9-3.6 (m, 5H), 2.6-2.4 (m, 1H), 2.3-2.1 (m, 
2H), 2.1-1.9 (m, 3H), 1.5 (s, 3H).
\ 2-(3'-Diazo-2'-oxobutyl)-2-methyl-l,3-(4,5-diethenyl)dioxolane 238
A stirred suspension of potassium  trimethyl silanolate (192 m g, 1.5 mmol) in 
diethyl ether (20 mL) was cooled to 0 °C and charged with 4,5-diethenyl-2-(2- 
carboxymethyl-ethyl)-2-methyl-l,3-dioxolane 176 (210 mg, 0.9 mmol) in 
diethyl ether (5 mL). The m ixture became homogenous upon warm ing to 
room temperature and was heated at reflux for 3 hours. The flask was cooled 
to 0 °C and treated with methyl chloroformate (0.12 mL, 1.5 mmol) in diethyl 
ether (1 mL) and stirred at room tem perature for 3 hours. The crude reaction 
mixture was poured into freshly prepared ethereal diazom ethane (100 mL, ~ 
8-10 mmol), stirred for 24 hours, and  evaporated to dryness in a well- 
ventilated fume hood. The residue was dissolved in diethyl ether and 
washed w ith saturated aqueous bicarbonate, dried over anhydrous N a2 SC>4 , 
and concentrated in vacuo. Chrom atography on silica (30% EtOAc in 
hexanes, Rf = 0.25) yielded diazoketone 238 (31mg, 14%) as a bright yellow oil. 
*H NMR (360MHz, CDCI3 ) 5 5.90-5.68 (m, 2H), 5.48-5.19 (m, 4H), 4.20 (t, 1H, / =
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11 Hz), 4.0 (t, 1H, / = 1 1  Hz), 2.5 (br s, 2H), 2.20-2.01 (m, 2H), 1.48 (s, 3H); 13c 
NMR (90MHz, CDCI3 ) 5 194.4,134.2,133.4,109.9,83.0,82.1,54.5 (br), 35.0 (br), 
34.7,25.5; 13c  NMR (22.5 M Hz, CDCI3 ) 5 194.9,135.0,134.2,119.5,110.6,83.7,
82.8,55.0,35.4,26.2,35.8; IR (Him) 2100,1800,1750,1650.
Cycloheptatriene Com pound 239
A stirred solution of 1,3-dioxane containing diazoketone 238 (36 mg, 0.18 
mmol) in benzene (5 mL) w as charged with Cu(hfacac) 2  (~1 mg) at room 
temperature. The reaction was monitored by TLC analysis until the starting 
material was no longer apparent. The reaction mixture was poured into 
saturated aqueous bicarbonate (10 mL) and extracted with diethyl ether ( 3 x 5  
mL). The combined organic extracts were dried over anhydrous N a2 SC>4 , 
i decanted and concentrated in vacuo. The residue was chrom atographed on
i
|  silica (10% EtOAc in hexanes) yielded the cycloheptatriene containing
I compound 239 ( 6  mg, 45%) as a pale yellow solid. *H NMR (360 MHz, CDCI3 )
|  5 6.61-6.49 (m, 2H), 6.38-6.28 (m, 2H), 5.91-5.75 (m, 2H), 5.42-5.33 (m, 2H), 5.31-
|  5.20 (m, 2H), 5.10-5.02 (m, 2H), 4.15 (t, 1H, /  = 11 Hz), 4.05 (t, 1H, / = 11 Hz), 2.76-
?
? 2.66 (m, 2H), 2.45 (t, 1H, /  = 5.8 Hz), 2.18-2.05 (m, 2H), 1.45 (s, 3H); The
I connectivity in this molecule was confirmed through an HH-COSY
| experiment . 127 (see 2D spectrum  in appendix)
|  M ethyl 4,4-dimethoxypentanoate 241
| Levulinic acid (10.1 g, 87.2 mmol) was dissolved in benzene (200 mL) and
treated with 3 equivalents of trimethylorthoformate (27.7 g, 261 mmol) and 
catalytic p-TsOH (-100 mg). The reaction was stirred overnight, poured into 
saturated aqueous bicarbonate, and extracted with diethyl ether (3 x 100 mL). 
The combined organic extracts were dried over anhydrous N a2 S0 4  and
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concentrated in vacuo. The residue was distilled at reduced pressure (bp 48 
°C, 2 Torr) to yield 14.1 grains of methyl 4,4-dimethoxypentanoate 241 (92%).
l-Diazo-5,5-dimethoxy-2-hexanone 242
A stirred suspension of potassium  trimethyl silanolate (0.384 g, 3 mmol) in 
diethyl ether (30 mL) was cooled to 0 °C and charged with ketal 241 (0.5 g, 2.8 
mmol) in ether (5 mL). The mixture became homogenous upon warming to 
room tem perature and was heated at reflux for 3 hours. The vessel was 
cooled to 0 °C and treated with methyl chloroformate (0.3 mL, 4 mmol) in 
diethyl ether (5 mL) and stirred at room tem perature for 3 hours. The crude 
reaction mixture was poured into freshly prepared ethereal diazomethane 
(100 mL, ~ 8-10 mmol), stirred for 24 hours and evaporated to dryness in a 
well-ventilated fume hood. The residue was dissolved in diethyl ether and
f washed with saturated aqueous bicarbonate, dried over anhydrous Na2 S0 4
\
| and concentrated in vacuo. Chromatography on silica (35% ethyl acetate in
I hexanes) yielded diazoketone 242 (151 mg, 28%) as a bright yellow oil.
( NMR (360 MHz, acetone-D6 ) 5 5.9-5.7 (br s, 1H), 3.1 (s, 6 H), 2.4-2.3 (m, 2H), 1.9-
i 1.8 (m, 2H), 1.2 (s, 3H); 13C NMR (360 MHz, acetone-D6) 5 194.2, 101.2, 53.5




i l,2-Dimethoxy-2-methyl cyclopentanone 243
f A stirred solution of diazoketone 242 (15 mg) in benzene (5 mL) was charged
I with Cu(hfacac) 2  (~2 mg) at room temperature. The reaction was monitored
by TLC analysis until the starting material was no longer apparent at which 
time it was poured into saturated aqueous bicarbonate (10 mL) and extracted 
with diethyl ether ( 3 x 5  mL). The combined organic extracts were dried over 
anhydrous N a2 SC>4 , decanted, and concentrated in vacuo. Analysis of the
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crude reaction mixture by *H NMR indicated that 243 had formed as the only 
product. *H NMR (360 MHz, CDCI3 ) 8  3.6 (s, 3H), 3.3 (s, 3H), 2.7 (m, 2H), 2 .1  
Cm, 1H), 1.8 (s, 1H), 1.5 (s, 3H).
1-Diazo-5.5-b is (2-prop enyloxy)-2-hexanone 166
An flame-dried 50 mL round-bottom ed flask was equipped with a stir-bar and 
cooled under a blanket of nitrogen. To the flask were added by syringe 
methylene chloride (20 mL), allyloxytrimethylsilane (10 mL) and methyl 
levulinate (0.5 g, 3.9 mmol) in 2 mL of methylene chloride. The flask was 
cooled in a ethylene glycol/C 0 2 (s) bath (-34 °C) and charged with TMSOTf 
(100 jiL) by syringe. The reaction was stirred for 8  hours and quenched with 
0.2 mL of dry pyridine. The reaction mixture was poured into saturated 
I aqueous bicarbonate 20 mL and extracted with diethyl ether (3 x 10 mL). The
J'
? combined organic extracts were dried over anhydrous N a2 S0 4 , decanted, and
I concentrated in vacuo. The residue was chrom atographed on silica (10%
I
; ethyl acetate in hexanes) to yield a mixture of known methyl and allyl esters
171 and 171a (150 mg, -18%). This purified binary mixture was carried on 
I w ithout separation.
I Methyl 4,4-bis-(2-propenyloxy)-pentanoate 171
«
[ l H  NMR (360 MHz, acetone-D6 ) 5 5.89 (ddt, 2H, / = 17.2,10.4,5.2 Hz), 5.25 (dq,
| 2H, /  = 17.2,1.9 Hz), 5.06 (dq, 2H, / = 10.4,1.5 Hz), 3.61 (s, 3H), 3.94 (m, 4H), 2.36
j (m, 2H), 1.97 (m, 2H), 1.30 (s, 3H); 13C NMR (90 MHz, acetone-D6 ) 5 174.1,
f 137.7,115.4,101.7, 62.1,51.7,48.3,33.1, 29.7,22.1; Calcd. for C 1 2 H2 0 O4 : C, 63.14;
i
H, 8.83. Found: C, 63.08; H; 9.08.
2-Propenyl-4,4-bis-(2-propenyloxy)-pentanoate 171a
*H NMR (360 MHz, acetone-D6 ) 5 5.9 (m, 3H), 5.30 (dq, 1H, /  = 15.3,1.6 Hz),
5.25 (dq, 2H, / = 17.3,1.9 Hz), 5.18 (dq, 1H, /  = 10.5,1.3 Hz), 5.06 (dq, 2H, / = 10.4,
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1.7 Hz), 4.55 (dt, 2H, /  = 5.6,1.4 Hz), 3.94 (m, 4H), 2.53 (t, 2H, /  = 6.3 Hz), 1.98 (t, 
2H, /  = 6.3 Hz), 1.26 (s, 3H); 13c  NMR (90 MHz, acetone-D6) 5 173.1, 136.4, 
133.7,117.8,115.4,101.9,65.3,62.1,33.1,29.9,22.1; Calcd. for C 1 4 H2 2 O4 : C, 66.12;
H, 8.72. Found: C, 66.20; H, 8.75.
A stirred suspension of potassium  trim ethyl silanolate (192 mg, 1.5 mmol) in 
diethyl ether (20 mL) was cooled to 0 °C and charged with a mixture of ketals 
171 and 171a (150 mg, -0.6 mmol) in diethyl ether (5 mL). The m ixture 
became homogenous upon warm ing to room tem perature and w as heated at 
reflux for 3 hours. The flask was cooled to 0 °C and treated with methyl 
chloroformate (0.16 mL, 2 mmol) in diethyl ether (1 mL) and stirred at room 
tem perature for 3 hours. The crude reaction mixture was poured into freshly 
prepared ethereal diazomethane (100 mL, -  8-10 mmol), stirred for 24 hours,
: and evaporated to dryness in a well-ventilated fume hood. The residue was
I dissolved in diethyl ether, washed w ith saturated aqueous bicarbonate, dried
i
|  over anhydrous Na2 S0 4 , and concentrated in vacuo. Chrom atography on
|  silica (35% ethyl acetate in hexanes) yielded diazoketone 166 (18 mg, 15%) as a
t bright yellow oil. !H  NMR (360 MHz, acetone-D6) 5 6.0-5.8 (ddt, 2H, /  = 17.1,
I 10.4,5.2), 5.9-5.7 (br s, 1H), 5.25 (dq, 2H, J = 17.1,1.8), 5.05 (dq, 2H, f  = 10.4,1.8),
I 3.95 (m, 4H), 2.5-2.3 (m, 2H), 2.0-1.9 (t, 2H /  = 8.0 Hz) 1.25 (s, 3H); 13C NMR (90
|  MHz, acetone-D6) 5 136.1,114.8,101.9, 61.8,53.5,36.2,32.4,22.3; IR (film) 2100,
j 1637 cm '1.
I,2-(bis-propenyloxy)-2-methyl cyclopentanone 245
A stirred solution of diazoketone 166 (18 mg) in benzene (5 mL) was charged 
w ith Cu(hfacac)2 (~2 mg) at room temperature. The reaction was m onitored 
by TLC analysis until the starting material was no longer apparent. It was 
poured into saturated aqueous bicarbonate (10 mL) and extracted with diethyl
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ether ( 3 x 5  mL). The combined organic extracts were dried over anhydrous 
N a 2 S0 4 , decanted, and concentrated in vacuo. Analysis of the crude reaction 
m ixture by NMR indicated that cyclopentanone 245 had formed as the 
major product. *H NMR (360 MHz, acetone-D6 ) 8 6.0-5.7 (m, 2H), 5.4-5.0 (m, 
4H), 4.2-3.8 (m, 4H), 2.7-2.5 (m, 2H), 2.0-1.8 (m, 1H), 1.5 (s, 3H).
Preparation of dry ethereal diazomethane-
A mini-diazald generator (pruchased from Aldrich) was charged with 2-(2- 
ethoxyethoxy)ethanol (15mL), diethyl ether (10 mL) and 50%/w eight KOH in 
H 2 O (5 mL). The cold finger was filled with C0 2 (s)/acetone and the apparatus 
vented through an ether trap cooled in a NaCl/ice bath. The addition funnel 
was charged with diazald (N-nitroso-p-toluenesulfonamide, 5.0 g, 23 mmol) 
in diethyl ether (45 mL) and the still pot was heated to 65 °C with an oil bath.
! The addition of the ethereal diazald solution was controlled so that the rate of
addition was equal to the rate of distillation. When the diazald was
: consum ed, additional diethyl ether was added and the distillation continued
I
| until the distallate was colorless. The resulting canary yellow solution
, contained about 16 mmol of diazomethane and was kept cold in a well
ventilated fume hood. (Caution: Both diazomethane and N-nitroso 
com pounds128 are extremely toxic and should be handled with the greatest 
! care. Additionally, concentrated diazomethane has been reported to cause
i violent explosions . 129 Although dilute ethereal solutions are thought to be
:
\
| safe, the use of a blast shield is recommended and contact with sharp edges or
I ground-glass joints should be avoided.)
D. Preparation of Acetoacetate Based oc-Diazo-P-ketoesters
4,5-Diethenyl-2-(2-carboxymethyl-methyl)-2-methyl-l,3-dioxolane 271
138
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A solution of methyl acetoacetate 270 (3.0 g, 26 mmol), l,5-hexadiene-3,4-diol 
(2.9 g, 25 mmol), and trimethyl orthoformate (3.3 mL, 30 mmol) in dry 
benzene (50 mL) was charged with pTsOH (20 mg) and stirred for 4 h. The 
mixture was diluted with Et2 0 , washed with saturated NaHC0 3 , dried over 
anhydrous N a2 S0 4 , and concentrated in vacuo. The residue was distilled (60 
°C, ~2 Torr) to yield a mixture of diastereomers (4.5 g, 83%). Further 
purification by chromatography on silica (5% EtOAc in hexane, Rf  0.18) 
provided the desired trans-isomer 271 as a thick oil. NMR (360 MHz, 
CDCI3 ) 8  5.89-5.75 (m, 2H), 5.38-5.22 (m, 4H), 4.18-4.08 (m, 2H), 3.7 (s, 3H), 2.7 (s, 
2H), 1.4 (s, 3H); 13C NMR (90 MHz, CDCI3 ) 8  169.7,133.7,133.4,119.3,119.1,
108.1,82.7,82.4, 51.7,45.1, 26.0; IR (film) 3050-2850,1750,1450,1350 cm '1;
4,5-Diethenyl-2-(3-carboxymethyl-2-oxo-propyl)-2-methyl-l,3-dioxolane 272 
Ketal 271 (194 mg, 0.92 mmol) was treated with methanolic KOH (2 M, 20 mL) 
for 8  hours, acidified to pH  4.0 with saturated aqueous citric acid, and extracted 
with diethyl ether (5 x 30 mL). The combined organic extracts were carefully 
dried over anhydrous N a2 S0 4 , concentrated in vacuo, and dissolved in THF 
(20 mL). Carbonyl diimidazole (195 mg, 1.2 mmol) was added in small 
portions with stirring and acyl imidazole formation was monitored by TLC.
In a separate flask, monomethyl malonate (760 mg, 6.4 mmol) was dissolved 
in THF (10 mL), treated with Bu2 Mg (1.0 M in heptane, 3.22 mmol) at 0 °C, 
and warmed to room temperature with stirring. The two solutions were 
combined and stirred for 24 hours and concentrated in vacuo. The residue 
was diluted w ith diethyl ether (20 mL), washed with aqueous NH4 CI, 
NaHCC>3 , and concentrated in vacuo. The residue was chromatographed on 
silica (15% EtOAc in hexane, Rf 0.2) to yield 272 (167 mg, 72%). *H NMR (360 
MHz, CDCI3 ) 8  5.85-5.75 (m, 2H), 5.40-5.24 (m, 4H), 4.15-4.08 (m, 2H), 3.75 (s,
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3H), 3.61 (s, 2H), 2.95 (s, 2H), 1.50 (s, 3H); NMR (90 MHz, CDCI3 ) 5 199.6,
167.6,133.5,133.0,119.6,119.3, 108.3,82.6, 82.3,52.6,52.3,50.4, 26.0; IR (film) 
3000-2800,1775,1725 cm"1; MS (DCI, N H 3 ) 272, 255,181,159,139,69; HRMS 
(Da, NH 3 ) ([M+NH4J+) Calcd for C 1 3 H 1 9 O 5  272.1498, found 272.1512.
frans-4,5-Diethenyl-2-(3-carboxymethyl-3-diazo-2-oxo-propyl)-2-methyl-l,3- 
dioxolane 273
A solution of 272 (89 mg, 0.35 mmol) and Et3 N  (0.1 mL, lmmol) in CH 3 CN (5 
mL) was charged with 4-carboxybenzenesulfonazide (95 mg, 0.42 mmol) at 
room temperature and stirred for 2.5 h. The reaction mixture was poured into 
saturated aqueous NaHCC>3 (10 mL) and extracted with diethyl ether (3 x 10 
mL). The combined ether extracts were dried over anhydrous N a 2 S0 4  and 
concentrated in vacuo. The residue was chromatographed on silica (10% 
EtOAc in hexane, Rf 0.21) to yield 273 (69 mg, 70%) as a bright yellow oil.
*H NMR (360 MHz, CDCI3 ) 5 5.88-5.70 (m, 2H), 5.41-5.20 (m, 4H), 4.2 (t, 1H, / =
9 Hz), 4.1 (t, 1H, /  = 9 Hz), 3.85 (s, 3H), 3.49 (s, 2H), 1.55 (s, 3H); NMR (90 
MHz, CDCI3 ) 5188.6,161.7,133.5,133.3,119.4,119.3,108.8,82.4,77.2,52.2,48.3, 
26.1 (degeneracy); IR (film) 3000-2800, 2200(s), 1750,1650 cm 'l.
(±)-lS, 3S, 4S, 5S- 5-Carboxymethyl-3,4-diethenyl-l-methyl-6-oxo-2,8- 
dioxabicyclo[3.2.1]octane 274
A stirred solution of diazo com pound 273 (63 mg, 0.23 mmol) in dry benzene 
was charged with Cu(hfacac)2 (~ 5 mg) and heated at 80 °C for 4 hours. The 
reaction was monitored by TLC until the starting material was consumed and 
the cooled solution was poured into saturated aqueous bicarbonate (10 mL), 
and extracted with diethyl ether ( 3 x 1 0  mL). The combined ether extracts 
were dried over anhydrous N a2 S0 4  and concentrated in vacuo. The residue
140
R ep ro d u ced  with p erm issio n  o f  th e  copyrigh t ow n er. Further reproduction  prohibited w ithout p erm issio n .
was chromatographed on silica (10% EtOAc in hexanes) to provide a binary 
mixture of the fra«s-divinyl bicyclo [3.2.1]octane 274 (see optim ized procedure 
below) and an unknow n product whose connectivity w as consistent w ith 2,3- 
shift product 276. XH  NM R (360 MHz, CDCI3 ) 8  6.52 (dt, 1H, /  = 16.7,5.6 Hz), 
6.14 (t, 1H, J = 11.4 Hz), 5.44-5.20 (m, 4H), 4.85 (ddt, 1H, /  = 11.9,7.3,3.5 Hz), 3.85 
(s, 3H), 2.2 (dd, 1H, /  = 13.6,3.9 Hz), 2.0 (t, 1H, J = 13.0 Hz), 1.8 (s, 3H); 13C NMR 
(90 MHz, CDCI3 ) 5 208.0,166.2,132.2,130.9,129.1,120.9,104.0,84.6,66.4,53.1, 
45.7,36.5, 24.8. The 2,3-shift product 276 decomposed during further 
chromatography on silica, however the fmns-divinyl bicyclo[3.2.1]octane 




\ Fast diastereomer (Rf  = 0.21,10% EtOAc in Hexanes)
I NMR (360 MHz, CDCI3 ) 5 5.80-5.64 (m, 2H), 5.32 (dd, 2H, / = 11,1 Hz), 5.22
II (dd, 2H, /  =10,1.5 Hz), 4.71 (m, 2H), 3.82 (s, 3H), 3.32 (s, 2H), 1.65 (s, 3H); 13C
I NMR (90 MHz, CDCI3 ) 5 189.0,161.7,133.9,118.5,108.6, 80.3, 77.2, 52.2, 47.3,
3
! 26.5; IR (film) 2200,1750,1640.
Slow Diastereomer (Rf  = 0.20,10% EtOAc in Hexanes)
|  1H  NMR (360 MHz, CDCI3 ) 5 5.81-5.65 (m, 2H), 5.25 (dd, 2H, /  = 11,1 Hz), 5.16
(dd, 2H, /  = 9 ,1.5 Hz), 4.60 (m, 2H), 3.79 (s, 3H), 3.38 (s, 2H), 1.51 (s, 3H); 13C 
NMR (90 MHz, CDCI3 ) 8  189.0,161.6,133.9,118.4,108.5, 79.9,77.2,52.2, 49.3,
25.5; IR (film) 2200, 1750, 1640.
Reaction of czs-4,5-divinyl diazo compounds 279
A stirred solution of diazo com pound 279 (835 mg, 2.98 mmol) in dry benzene
was charged with Cu(hfacac) 2  (-10 mg) and heated at 80 °C for 4 h. The
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reaction was monitored by TLC until the starting material was consumed. 
The cooled reaction mixture was poured into saturated aqueous NaHC0 3  (10 
mL) and extracted with diethyl ether (3 x 10 mL). The combined ether extracts 
were dried over anhydrous Na2 S0 4  and concentrated in vacuo. The residue 
was chrom atographed on silica (10% EtOAc in hexanes, followed by 20% 
EtOAc in hexanes) to provide two mixtures. The more polar fraction 
contained the fra«s-bicyclo[3.2.1] octane 274 and the 2,3-shift product 276 
Further purification of the mixture yielded the pure frans-product (160 mg, 
21%). The less polar component contained a binary mixture of cis- 
bicyclo[3.2.1] octane 282 and a small amount of an unknown compound 283 
which decom posed upon the attempted further purification on silica, 
however, its connectivity was established as resulting from a 2,3-shift by 
NMR experiments which were performed on a sample of the mixture. 1H
\ NMR (360 MHz, CDCI3 ) 5 5.89-5.75 (m, 1 H), 5.05-5.0 (br s, 1H), 3.10-3.02 (m,
I 1H), 2.98-2.90 (m, 1H) 2.75 (dd, 2H, J = 5,9 Hz), 1.79 (s, 3H); 13c NMR (90 MHz,
\ CDCI3 ) 8  207.0,168.0,135.0,136.0,120.1,115.2,105.2,73.5,53.3,48.9,31.5,30.2,
S
} 22.2. The c/s-divinyl bicyclo[3.2.1] octane 282 was purified by further
i
chromatography on silica. ( 6 8  mg, 9%) 1 h  NMR (360 MHz, CDCI3 ) 5 5.8-5.5 
(m, 2H), 5.3-5.1 (m, 4H), 4.7 (t, 1H, /  = 5.5 Hz), 3.75 (s, 3H), 3.3 (dd, 1H, / = 10.2,
J 5.5 Hz), 2.67 (d, 1H, /  = 17 Hz), 2.63 (d, 1H, J = 17 Hz), 1.7 (s, 3H); 13c NMR (90
\ MHz, CDCI3 ) 8  206.5,166.3,133.9,130.8,120.7,117.8,105.2,85.0,72.8,53.1,52.2,!
\
i
(±)-lS, 3S, 4S, 5S- 5-Carboxymethyl-3,4-diethenyl-l-methyl-6-oxo-2,8- 
dioxabicyclo[3.2.1]octane 274 (optimized w ith Rhodium  Acetate)
A stirred solution of diazo compound 273 (65 mg, 0.23 mmol) in dry benzene 
was charged w ith Rh2 (OAc) 4  (~5 mg) and stirred at room temperature for 12
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hours. The reaction mixture was concentrated in vacuo, and the residue was 
chromatographed on silica (15% EtOAc in hexane, Rf 0.19) to yield 274 (36 mg, 
62%) as a pale yellow oil. l H  NMR (360 MHz, CDCI3 ) 8  5.99-5.83 (m, 1H), 5.84- 
5.73 (m, 1H), 5.31-5.18 (m, 4H), 4.38-4.33 (m, 1H), 3.78 (s, 3H), 2.9 (dd, 1H, /  = 5,9 
Hz), 2.67 (d, 1H, /  = 17 Hz), 2.63 (d, 1H, /  = 17 Hz), 1.79 (s, 3H); 13C NMR (90 
MHz, CDCI3 ) 8  206.8,164.8,136.0,133.0,120.2,117.8,104.5,87.0,75.1,52.9,52.0, 
48.4,23.8; IR (film) 3000-2800,1750,1700 cm"1; MS (DCI, NH 3 ) 253, 235, 196, 
154,139,95 ; HRMS (DCI, NH 3 ) MH+ Calcd for C 1 3 H 1 7 O5  253.1076, found 
253.1068.
E. Chain Extension Reactions of (3-Ketoesters
trans-4, 5-dicyclopropyl-2-(5-carboxymethyl-3-oxo-pentyi)-2-methyl-l,3- 
; dioxolane 285
! A 100 mL round-bottom flask was equipped with a stir-bar and charged with
}
|  methylene chloride (30 mL) and diethyl zinc (1.0 M in hexanes, 12 mL, 12
I mmol). The flask was cooled to 0 °C and methylene iodide (3.5 mL, 13 mmol)
|  in CH2 CI2  ( 1 0  mL) was added dropwise with vigorous stirring. The resulting
I suspension was stirred for 15 minutes and divinyl dioxolane 177 (210 mg, 0.78
1 mmol) in 2  mL CH2 CI2  was added via syringe. The mixture was stirred for 24I
|  hours, quenched with saturated aqueous NH 4 CI, and extracted with diethyl
»
i ether. The combined organic extracts were washed with brine, dried over
Na2S04, filtered, and concentrated under reduced pressure. Purification of 
I the crude oil by chromatography on silica (20% EtOAc in hexanes R/ = 0.19)
yielded 285 (98 mg, 41%).; *H NMR (360 MHz, CDCI3 ) 8  3.69 (s, 3H), 3.12 (t, 1H, 
J = 8.3 Hz), 2.96 (t, 1H, /  = 8.3 Hz), 2.74 (t, 1H, /  = 6.7 Hz), 2.62-2.45 (m, 4H), 2.10- 
1.92 (m, 2H), 1.35 (s, 3H), 0.89-0.75 (m, 4H), 0.62-0.50 (m, 2H), 0.48-0.22 (m, 2H); 
13C NMR (90 MHz, CDCI3 ) 8  208.4,173.3,108.2,86.7,86.0,51.7,36.4,36.9, 33.9,
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27.7,25.6,12.6,11.9,2.9, 2.8,1.6; IR (film) 3000-2900,1741, 1718 cm"1; MS (Cl, 
N H 3 ) 328,311,293,279, 204,187,167,155,125; HRMS (Cl, CH 4 ) ([M+H]+) 
Calcd for C 1 7 H 2 7 O5  311.1858, found 311.1865.
Typical Experiment- Preparation of Methyl 4-oxo-pentanoate 175130 
A 50 mL round-bottom flask was equipped with a stir bar and charged with 
methylene chloride (15 mL) and diethyl zinc (1.0 M in hexanes, 5 mL, 5 
mmol). The reaction w as cooled to 0 °C and methylene iodide (0.4 mL, 5 
mmol) in CH2 CI2  (2.5 mL) was added dropwise with stirring. The resulting 
suspension was stirred for 10 minutes and methyl acetoacetate 270 (116 mg,
1.0 mmol) was added rapidly by syringe. The mixture was stirred for 30 
minutes, quenched with saturated aqueous NH 4 CI, and extracted with diethyl 
ether. The combined organic extracts were washed with brine, dried over 
Na2S04, filtered, and concentrated under reduced pressure. The crude oil 
was purified by chrom atography on silica (20% EtOAc in hexanes) and yielded 
methyl levulinate 175 (106 mg, 81%).; *H NMR (360 MHz, CDCI3 ) 8  3.6 (s,
3H), 2.7 (t, 2H, /  = 6.2 Hz), 2.55 (t, 2H, /  = 6.2 Hz), 2.15 (s, 3H)
M ethyl 5,5-dimethyl-4-oxohexanoate 309131
71 %; 1H NMR (360 MHz, CDCI3 ) 8  3.65 (s, 3H), 2.8 (t, 2H, /  = 6.5 Hz), 2.5 (t, 2H, 
/  = 6.5 Hz), 1.1 (s, 9H); 13C NMR (90 MHz, CDCI3 ) 8  214.0,173.4,51.6,43.9,31.4,
27.9,26.4.
132ferf-Butyl 4-oxo-pentanoate 310
74 %; ! h  NMR (360 MHz, CDCI3 ) 8  2.65 (t, 2H, } = 6.5 Hz), 2.45 (t, 2H, /  = 6.5 
Hz), 2.1 (s, 3H), 1.4 (s, 9H). 13C NMR (90 MHz, CDCI3 ) 8  206.8,171.9, 80.5,38.0,
29.8,29.1,28.0.
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Ethyl 5-methyl-4-oxohexanoate 311133
6 8  %; 1H  NMR (360 MHz, CDCI3 ) 8  4.12 (q, 2H, /  = 7.2 Hz), 2.76 (t, 2H, /  = 6 .6  
Hz), 2.64 (septet, 1H, J = 6.9 Hz), 2.56 (t, 2H, J = 6 .6  Hz), 1.25 (t, 3H, J = 7.2 Hz), 




58 %; lH  NM R (360 MHz, CDCI3 ) 5 8.0 (m, 2H), 7.55 (m, 1H), 7.4 (m, 2H), 4.15 
(q, 2H, /  = 7.2 Hz), 3.3 (t, 2H, J = 6 .6  Hz), 2.75 (t, 2H, /  = 6 .6  Hz), 1.25 (t, 3H, /  = 7.2 
Hz); 13C NMR (90 MHz, CDCI3 ) 5 198.1,172.9,136.3,133.2,128.6,128.0,60.6,
33.4.28.3.14.2.
\ Ethyl 3-oxobenzenepentanoate 31413j
<
I A stirred suspension of anhydrous tin(II)chloride (~50 mg) in methylene
chloride (40 mL) was treated with ethyl diazoacetate (1.05 mL, 10 mmol) at 
room tem perature. The mixture was stirred for 10 minutes and 
hydrodnnim aldehyde 313 (1.36 g, 10.2 mmol) was added dropwise over 30 
m inutes and the mixture was stirred further for 2 hours. The reaction 
mixture was diluted with diethyl ether and w ashed with a solution of 1 % 
KOH in saturated aqueous NaCl (5 x 10 mL) until the organic phase was free 
of tin salts. The combined ether washes were dried over anhydrous N a2 S0 4  
and concentrated in vacuo. The residue was chrom atographed on silica (10% 
EtOAc in hexanes) providing 314 (1.57 g, 75%) as a semi-solid. *H NMR (360 
MHz, CDCI3 ) 8  7.1-7.4 (m, 5H), 4.2 (q, 2H, /  = 7.2 Hz), 3.4 (s, 2H), 2.8-3.0 (m, 4H),
1.25 (t, 3H, /  = 7.2 Hz); 13C NMR (90 MHz, CDCI3 ) 8  201.9,167.1,140.6,128.6,
128.4.126.2. 61.5,49.5, 44.5, 29.4,14.1. (Distinct signals were observed which 
were assigned to the enol tautomer, although the enol form accounted for
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less than 10% of the mixture; NMR (CDCI3 ) 8  12.1 (s, 1H), 5.0 (s, 1H); 13c 
NMR (90 MHz, CDCI3 ) 8  90.0,57.0,53.0,36.9,32.4, 29.0.)
Ethyl 4-oxo-6-phenylhexanoate 315136
73 %; l H  NMR (360 MHz, CDCI3 ) 8  7.1-7.4 (m, 5H), 4.1 (q, 2H, /  = 7.2 Hz), 2.95 
(t, 2H, /  = 7.3 Hz), 2.80 (t, 2H, /  = 7.3 Hz), 2.70 (t, 2H, /  = 6.5 Hz), 2.55 (t, 2H, /  = 6.5 
Hz), 1.2 (t, 3H, J = 7.2 Hz); 13c NMR (90 MHz, CDCI3 ) 8  208.0,172.8,140.9,
128.5.128.3.126.1.60.6.44.3.37.2.29.7.28.0.14.2.
137Methyl 3-oxo-5-phenyl-4-pentenoate 317
A stirred solution of frans-dnnamic acid (0.316 mg, 2.2 mmol) in THF (20 mL) 
was charged w ith carbonyl diimidazole (400 mg, 2.5 mmol) in small portions 
at room temperature. Acyl imidazole formation was monitored by TLC (50% 
ethyl acetate/hexanes; Rf  = 0.15) until starting material was consumed. In a 
separate flask, monomethyl malonate (521 mg, 4.4 mmol) was dissolved in 
THF (40 mL), treated with Bu2 Mg (1.0 M in heptane, 2.2 mmol) at 0 °C and 
} warmed to room temperature with stirring. The mixtures were combined,
| stirred for 24 hours, and concentrated at reduced presure. The residue was
i
; diluted with diethyl ether (20 mL), washed with aqueous NH 4 CI, NaHC03,
|  and concentrated. The residue was chromatographed on silica (10% EtOAc in
| hexanes) to yield 317 (304 mg, 70%). Keto and enol tautomers present in 55:45
ratio; 1H  NMR (360 MHz, CDCI3 ) 8  12.0 (s, 1H, enol), 73-7.7 (m, olefinic and 
aromatic, keto and enol), 6.80 (d, 1H, /  = 16.1 Hz, keto), 6.45 (dd, 1H, /  = 16.1,1.0 
Hz, enol), 5.2 (s, 1H, enol), 3.76 (s, 3H, enol), 3.75 (s, 3H, keto), 3.72 (s, 2H, keto); 
13c NMR (90 MHz, CDCI3 ) 8  191.1,173.2,169.3,167.8,144.7,136.9,135.3,134.0,
131.0.129.4.129.0.128.8.128.6.127.6.125.2.121.8.91.6.52.4.51.3.47.3 (includes 
both enol and ketone forms).
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138Methyl 4-oxo-6-phenyl-5-hexenoate 318
6 8  %; *H NMR (360 MHz, CDCI3 ) 5 7.6 (d, 1H, /  = 16.2 Hz), 7.5 (m, 2H), 7.4 (m, 
3H), 6 .8  (d, 1H, J = 16.2 Hz), 3.7 (s, 3H), 3.0 (t, 2H, /  = 6.7 Hz), 2.7 (t, 2H, /  = 6.7 
Hz); 13C NMR (90 MHz, CDCI3 ) 8  198.0,174.0,142.9,132.0,130.6,129.0,128.3,
125.8,51.8,35.2,27.9.
Methyl 3-oxo-6-heptenoate 320139
A stirred solution of 4-pentenoic acid (0.565 g, 5.56 mmol) in THF (20 mL) was 
charged with carbonyl diimidazole (0.97 g, 6  mmol) in small portions at room 
temperature. Acyl imidazole formation was m onitored by TLC (Rf  = 0.15; 
50% ethyl acetate/hexanes) until starting material was consumed. In a 
separate flask, monomethyl malonate (1.08 g, 9.2 mmol) was dissolved in 
THF (40 mL), treated with Bu2 Mg (1.0 M in heptane, 4.6 mmol) at 0 °C and 
warm ed to room tem perature with stirring. The mixtures were combined, 
stirred for 24 hours, and concentrated at reduced presure. The residue was 
diluted with diethyl ether (20 mL), washed with aqueous NH 4 CI, NaHC0 3 , 
and concentrated. The residue was chromatographed on silica (10% EtOAc in 
hexane) to yield 320 (430 mg, 50%). ^H NMR (360 MHz, CDCI3 ) 5 5.7 (ddt, 1H, 
/  = 17.0,10.3,6.5 Hz), 4.85-5.0 (m, 2H), 3.41 (s, 3H), 3.35 (s, 2H), 2.55 (t, 2H, / = 7.3 
Hz), 2.2 (m, 2H); 13C NMR (90 MHz, CDCI3 ) 5 201.8,167.5,136.5,115.4,52.1,
48.9,41.9,27.3.
Methyl 4-oxo-7-octenoate 321140
74 %; *H NMR (360 MHz, CDCI3 ) 5 5.8 (ddt, 1H, /  = 17.0,10.3, 6.5 Hz), 5.05 (dd, 
1H, /  = 17.0,1.5 Hz), 5.0 (d, 1H, /  = 10.3 Hz), 3.65 (s, 3H), 2.72 (t, 2H, /  = 6.5 Hz),
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2.5-2.6 (m, 4H), 2.35 (q, 2H, /  = 7 Hz); 13c NMR (90 MHz, CDCI3 ) 8  208.1,173.3,
137.0,115.3,51.8,41.8,37.1,27.7 (one aliphatic degeneracy).
Ethyl 2-methyl-4-oxopentanoate 325141
26 %; lH  NMR (360 MHz, CDCI3 ) 8  4.1 (q, 2H, /  = 7.2 Hz), 2.9 (m, 2H), 2.45 (m, 
1H), 2.15 (s, 3H), 1.25 (t, 3H, /  = 7.2 Hz), 1.15 (d, 3H, /  = 7.0 Hz); 13c NMR (90 
MHz, CDCI3 ) 8  208.0,175.7,60.5,46.6,34.7,30.1,17.0,14.1.
117cEthyl 2-cycloheptanone carboxylate 327
20 %; lH  NMR (360 MHz, CDCI3 ) 8  4.15 (q, 2H, /  = 7.2 Hz); 2.4-2.8 (m, 6 H), 2.1 
(m, 1H), 1.5-2.0 (m, 4H), 1.25 (t, 3H, /  = 7.2 Hz); 13c NMR (90 MHz, CDCI3 ) 8
212.2,174.5,60.9,45.5,43.9,41.3,33.2, 28.3,23.9,14.2.
1-Hydroxy-5-oxo-b icyclo[5.1.0] o ctane 332
Treatment of 1,3-cyclohexadione 330 (280 mg, 2.5 mmol) under the standard 
chain extension reaction conditions with 5 equivalents of a 1:1 mixture of 
Et2 Zn and CH 2 I2 - The reaction was stirred for 24 hours, quenched with 
saturated aqueous NH 4 CI, and extracted with diethyl ether. The combined 
organic extracts were washed with brine, dried over N a2 S0 4 , filtered, and 
concentrated under reduced pressure. Purification of the complex reaction 
mixture on silica (30% EtOAc in hexanes, Rf  = 0.2) provided compound 332, 
(87 mg, 25 %) as a clear oil. 2H  NMR (360 MHz, CDCI3 ) 5 3.1 (br s, 1H), 2.8 
(ddd, 1H, /  = 14.5, 6.7,1.3 Hz), 2.7 (apparent pentet, 1H, /  = 6.4 Hz), 2.4 (dt, 1H, / 
= 15.1,4.0 Hz), 2.3 (ddd, 1H, /  = 12.2,8.7,5.7 Hz), 2.0 (m, 1H), 1.88 (dd, 1H, /  = 
14.3,9.3 Hz), 1.75 (m, 1H), 1.45 (ddd, 1H, /  = 15.2,12.2,3.1 Hz); 13c NMR (90 
MHz, CDCI3 ) 8  212.0,58.1,44.7,44.0,34.5,24.0,21.2, 18.8; IR (film) 3418, 2945,
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1700,1450 o n '1; MS (Cl, NH3 ) 174,158,144,134,127; HRMS (Cl, NH 3 ) 
(MNH4+) Calcd for C4H 18NO2 158.1180, found 158.1186.
The methyl-substituted derivative 333 (30% EtOAc in hexanes, R/ = 
0.18) w as also isolated from this reaction m ixture (32 mg, 9%) as a clear oil. 1H 
NMR (360 MHz, CDCI3 ) 8  2.7-2.5 (m, 2H), 2.5-2.45 (m, 1H), 2.4-2.3 (m, 1H), 2.1-
2.0 (m, 2H), 2.0-1.9 (m, 1H), 1.85-1.7 (m, 1H), 1.6-1.5 (m, 1H), 1.2 (s, 3H), 0.8 (d, 
1H), 0.6 (d, 1H); ^ C  NMR (90 MHz, CDCI3 ) 8  210.8,61.2,51.3,43.7,40.6,35.8,
30.1,21.0,20.8,18.0.
2-Methyl-l,4-cycloheptadione 334
Treatm ent of 1,3-cyclohexadione 330 (100 mg, 0.9 mmol) with a five-fold 
excess o f the zinc carbenoid prepared from a 1 :1  stoichiometry of Et2 Zn and 
CH2l2- The reaction was stirred for 2 hours, quenched with saturated aqueous 
N H 4 CI, and extracted with diethyl ether. The combined organic extracts were 
washed with brine, dried over Na2 S0 4 , filtered, and concentrated under 
reduced pressure. The crude oil was purified by chromatography on silica and 
yielded 2-methyl-l,4-cydoheptadione 334 ( 8  mg, 6 %) as an oil. ^  NMR (360 
MHz, CDCI3 ) 8  2.9-2.8 (m, 1 H), 2.8-2.5 (m, 6 H), 2.1-1.9 (m, 2H), 1.15 (d, 3H, /  = 7 
Hz); 1 3C NMR (90 MHz, CDCI3 ) 8  212.5,210.2,46.9,43.5,43.0,41.7, 20.3, 16.5.
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X-ray Data Collection, Structure Determination, and Refinement Tor CKZ1 (JB-2-67). A 
transparent single crystal of the title compound was mounted on a fiber and transferred to the goniometer. The 
crystal was cooled to -I00°C during data collection by using a stream of cold nitrogen gas. The space group 
was determined to be either the centric P-1 or acentric P1. The subsequent solution and successful refinement 
of the structure was carried out in the centric space group P-l. A summary of data collection parameters is 
given in Table 1.
The geometrically constrained hydrogen atoms were placed in calculated positions and allowed to ride 
on the bonded atom with B = 1.2*Ueqv (C). The methyl hydrogen atoms were included as a rigid group with 
rotational freedom at the bonded carbon atom (B = 1.2*Ueqv (C)). The remaining hydrogen atoms were 
located from a difference Fourier map and included with fixed contributions (B = I.2*Ueqv (N)). Refinement 
of nonhydrogen atoms was carried out with anisotropic temperature factors. The final values of the positional 
parameters are given in Table 2.
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X-ray Data Collection, Structure Determination, and Refinement for CKZ2 (JB-4-001). A 
transparent single crystal of the title compound was mounted on a fiber and transferred to the goniometer. The 
crystal was cooled to -100°C during data collection by using a stream of cold nitrogen gas. The space group 
was determined to be either the centric C2/c or acentric Cc from the systematic absences. The subsequent 
solution and successful refinement of the structure was carried out in the centric space group C2/c. A summary 
o f  data collection parameters is given in Table 1.
The geometrically constrained hydrogen atoms were placed in calculated positions and allowed to ride 
on the bonded atom with B = 1.2*Ueqv (C). The methyl hydrogen atoms were included as a rigid group with 
rotational freedom at the bonded carbon atom (B — 1.2*Ueqv (C)). The hydrogen atoms bonded to N2 and N3 
were located from a difference Fourier map and allowed to ride on the bonded atom with B = 1.2*Ueqv (N). 
Refinement of nonhydrogen atoms was carried out with anisotropic temperature factors. The final values of the 
positional parameters are given in Table 2.
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